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Chapter | — Alzheimer’s disease

1.1. Overview of Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia leading to complete loss of
autonomy of the patient. It is a devastating disease both socially and economically in societies
in which elderly population is growing (Holtzman et al., 2011).

AD is clinically characterized by a progressive alteration of cognitive abilities including
memory loss, impaired judgment and decision-making capacity as well as changes in
behavior, mood and personality. These symptoms have a strong impact on daily life activities

leading to an increasing dependence of the patients on caregivers.

Neuropathologically, AD is defined by a cerebral atrophy and the deposition of two proteins
in the brain: f-amyloid peptide (AP) and hyperphosphorylated Tau proteins in extracellular
amyloid plaques and intracellular neurofibrillary tangles (NFTs), respectively. In AD, both
proteins present a misfolded structure that is enriched in B-pleated sheets (Haass and Selkoe,
2007). The involvement of abnormal proteins in AD has been evident since Alois Alzheimer
described the first case in 1906 (Alzheimer, 1907; Alzheimer et al., 1995). Nowadays, the
definite diagnosis of AD still requires the identification of these two proteinaceous lesions

post-mortem.

Today, AD patients can only be treated with symptomatic therapies that provide temporary
and limited benefits. As no disease-modifying therapies are available, AD is a major

challenge for research.

1.2. Clinical manifestations

1.2.1. Overview of clinical symptoms

Memory dysfunction

Memory is separated into short- and long-term memory, the latter being a consolidation of the
short-term memory. It is divided in procedural memory, the memory of motor abilities, and
declarative memory, the memory of events and facts, itself subdivided in episodic memory

and semantic memory.
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AD is characterized by progressive memory dysfunction affecting both subtypes of
declarative memory that have a considerable impact on patients’ daily life. At early stages,
AD patients are aware of such memory deficits but quickly lose this self-awareness
(anosognosia). In most cases, episodic memory is the first type to be altered in AD (Nestor et
al., 2006). This memory records and recalls biographic memories referenced in a spatio-
temporal context. At early stages of the disease, the more recent the memory is, the more
affected but, with disease progression, amnesia progressively affects older memories.
Semantic memory is the memory of concept-based knowledge unrelated to specific personal
experiences, such as word significance. It is also affected in AD, generally at latter stages

compared to episodic memory (Giffard et al., 2008).

Other cognitive impairments

Other cognitive deficits are associated with AD. Executive cognitive functions, such as
planning or abstract thinking, are quickly impaired in AD leading, for example, to difficulties
in decision-making. Aphasia (inability to comprehend and formulate language), apraxia
(difficulties in motor planning) or agnosia (inability to process sensory information such as
object or face recognition) and spatio-temporal disorientation are also frequent in AD
(McKhann et al., 2011).

Other symptoms

Aggressiveness is very frequent and worsens with disease progression. Personality changes,
depression, anxiety, emotional blunting, apathy and/or withdrawal from social life, among
others, can be observed. Psychotic disorders, resulting mostly in visual hallucinations, can

sometimes appear, generally at late stages.

1.2.2. Progression of clinical symptoms

AD is a slowly evolving disease that starts decades before the clinical onset. The development
of AD biomarkers has led to the redefinition of criteria for AD diagnosis (McKhann et al.,
2011) and the identification of preclinical and prodromal stages of AD.

The asymptomatic preclinical stage precedes clinical AD onset by one or two decades. It is
divided into three stages with asymptomatic individuals presenting (1) cerebral B-
amyloidosis, then (2) signs of neurodegeneration and finally (3) subtle cognitive impairment

(Sperling et al., 2011). Progressively, memory impairments can worsen leading to a
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symptomatic prodromal or pre-dementia stage called Mild Cognitive Impairment (MCI).
MCI patients present with a global satisfactory cognition but their performance in memory
tests are abnormally low for their age. No other cognitive alterations or major impacts on
daily life activities are detected in this stage (Bondi and Smith, 2014). MCI can be defined as
a prodromal transitional state between physiological aging and AD and around 50% of MCI
cases convert into AD within 5 years (Petersen, 2004). Finally, memory impairments further
worsen and are associated to other cognitive impairments in the AD dementia phase.

1.3. Clinical diagnosis of Alzheimer’s disease

The diagnosis of AD is based on clinical and neuroanatomical criteria (McKhann et al.,
1984). The updated criteria of the National Institute of Neurological and Communicative
Disorders and Stroke and Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA) categorize AD as (1) definite, (2) probable or (3) possible (McKhann et al., 2011).

(1) Definite diagnosis of AD requires the identification of both clinical AD dementia and
neuropathological lesions (see 1.4.). (2) Probable AD requires the identification of
progressive memory impairments associated with alterations of, at least, one non-amnestic
domain and the exclusion of other causes for dementia. (3) Possible AD is diagnosed in case
of atypical course of cognitive decline or in presence of comorbidities such as stroke or
traumatic brain injury, features of another dementia, neurological or non-neurological disease

that could have substantial effects on cognition (McKhann et al., 2011).

Another criterion for AD diagnosis is the Diagnostic and Statistical Manual of Mental
Disorders 1V (DSM-1V). It is based on the identification of progressive and impacting
deficiencies in memory function associated with at least one other cognitive domain with the

exclusion of other causes for dementia (American Psychiatric Association, 2004).

Identification of cognitive alterations relies on clinical examination and standardized
neuropsychological tests such as the Mini-Mental State Evaluation (MMSE, Folstein et al.,
1975) or the Clinical Dementia Rating (Hughes et al., 1982). The clinician can also perform
complementary exams if necessary such as Magnetic Resonance Imaging (MRI) to observe
cerebral atrophy, in particular in the temporal regions, and/or exclude other causes of

dementia.
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1.4, Post-mortem diagnosis

The post-mortem diagnosis of AD relies on AP and Tau lesions identification and staging.

1.4.1. Evaluation of B-amyloid pathology: Thal phases

Thal et al. have characterized parenchymal AP deposition in five ‘‘phases’’ (Figure 1). In
phase 1, parenchymal AB deposition starts in the neocortex then reaches the hippocampus and
the entorhinal cortex in phase 2, the striatum and diencephalic nuclei in phase 3, various
brainstem nuclei in phase 4, and finally the cerebellum and other brainstem nuclei in phase 5
(Thal et al., 2002a).

Figure 1. Thal phases for -amyloidosis. Phase 1: neocortex (black). Phase 2: allocortex (red
arrows). Phase 3: diencephalic nuclei (red arrows) and striatum (not shown). Phase 4:
brainstem nuclei (substantia nigra, superior and inferior colliculus, central gray, red nucleus,
inferior olivary nucleus, and intermediate reticular zone) (red arrows). Phase 5: cerebellum
and additional brainstem nuclei (locus coeruleus, pontine nuclei, reticulo-tegmental nucleus,
dorsal tegmental nucleus, parabrachial nuclei, and oral and central raphe nuclei) (red arrows)
adapted from (Thal et al., 2002a).

AP deposition in AD may also occur in vessels (cerebral amyloid angiopathy, CAA). Three
stages in CAA were described (Appendix 1). The vessels are affected in the isocortex at stage
1, in the allocortex, cerebellum and midbrain at stage 2, in the basal ganglia, thalamus, pons

and medulla oblongata in stage 3 (Thal et al., 2003, 2008). This staging is not required for
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neuropathological diagnosis of AD although the National Institute on Aging and Alzheimer's
Association (NIA-AA) guidelines recommends that it should be evaluated and reported

systematically (Montine et al., 2012).

1.4.2. Evaluation of Tau pathology: Braak stages

Braak and Braak have characterized the progression of Tau pathology (Figure 2). Braak
staging of Tau pathology has been adapted to routine pathology (Duyckaerts et al., 1997a) and

appears well correlated with the clinical status (Braak et al., 1993).
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Figure 2. Braak staging for Tau pathology in AD. NFT accumulation begins in the
transentorhinal cortex (stage 1), progresses to the entorhinal cortex (stage Il), reaches the
hippocampus (stage 111) and other limbic areas (stage 1V) and finally spreads to neocortical

and primary sensory areas (stages V and V1) from (Kretzschmar, 2009).
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The staging procedure is based on the localization of NFTs and neuropil threads. In Braak
stages | and Il, NFTs are present in the transentorhinal and entorhinal cortex without clinical
dementia. In stages Il and IV, the pathology worsens in these two regions and starts to affect
the hippocampus, the fusiform gyrus and the temporal cortex. At these stages, the degree of
neuronal damage may determine clinical symptoms. In stages V and VI, representing the
neuropathological criteria for the diagnosis of AD, NFTs involve the isocortical association
areas and patients are severely demented (Braak and Braak, 1991; Braak et al., 2006).

Interestingly, neuronal Tau inclusions have been detected in the locus coeruleus of children
and young adults. These lesions were suggested to be one of the earliest lesions in the

evolution of the disease process, although this point is still discussed (Braak et al., 2006).

1.4.3. Evaluation of neuritic plague pathology: CERAD

Consortium to Establish a Registry for Alzheimer’s disease (CERAD) score is a
semiquantitative evaluation of neuritic plaques. Neuritic plaques are AP deposits associated to
thickened neurites stained by silver (Prayson, 2012). CERAD score 0 corresponds to an
absence of neuritic plaques, score 1 refers to sparse, score 2 to moderate and score 3 to

frequent neuritic plaques (Mirra et al., 1991).

1.4.4. ABC score

NIAAA guidelines (Montine et al., 2012) recommend that AD neuropathologic changes have
to be classified along three parameters, (1) AB Thal phases (Thal et al., 2002a), (2) NFTs
Braak stage using either silver-based histochemistry (Braak and Braak, 1991) or phospho-Tau
immunohistochemistry (Braak et al., 2006), and (3) CERAD neuritic plaque score (Mirra et
al., 1991) to obtain an “ABC score” (Appendix 2A). Evaluation of comorbidity is also
recommended as around 60% of AD patients present with neuropathologic comorbidities
(Franklin et al., 2015).

The “ABC” (“A” for Amyloid, “B” for Braak, “C” for CERAD) score is based on Thal phases
(A), Braak stages (B) and CERAD scores (C) (Kovacs and Gelpi, 2012). ABC score qualifies
AD neuropathologic changes as “not”, “low”, “intermediate” or “high”. “Intermediate” or
“high” AD neuropathologic changes are considered as a sufficient explanation for dementia
(Montine et al., 2012, Appendix 2B).
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1.5. Epidemiology and etiology of Alzheimer’s disease

In 2015, dementia affected around 45 million people worldwide and this number of patients is
estimated to triple by 2050 (Baumgart et al., 2015). Around 70% of dementia cases are
attributed to AD. The exact prevalence of AD is difficult to determine because, among other
reasons, AD is not an obligatory reportable illness. The prevalence and incidence rates for AD
increase exponentially with age. For example, AD incidence doubles every 5 years from 65
through the 90 years of age (Reitz et al., 2011).

Based on age of onset, two types of AD can be distinguished, early and late-onset AD
(Blennow et al., 2006). Early-onset AD is a genetic/familial form of the disease representing
around 1% of AD cases. Mean age of onset is 55 year-old although cases have been described
as early as the third decade. It is a rare autosomal dominant pathology associated with
numerous mutations in three genes implicated in AP generation and coding for the Amyloid
Precursor Protein (APP, chromosome 21) or presenilin 1 and 2 (PS1 and PS2, chromosomes
14 and 1, respectively) (Goate et al., 1991; Levy-Lahad et al., 1995; Schellenberg et al.,
1992). PS1 mutations account for a majority of patients with early-onset AD (Rogaeva et al.,
2001).

Sporadic late-onset AD is a complex multifactorial disease representing 99% of AD cases
and occurs after 65 years old. Multiple genetic susceptibility and interactions among them and
with environmental factors likely influence the risk of AD. The &4 allele of the
Apolipoprotein E (APOEg4) gene is the main susceptibility gene for late-onset AD (Corder et
al., 1993). APOE is a lipid-binding protein encoded by different alleles (APOEe2, APOEe3
and APOEe4). Each inherited APOEe4 allele lowers AD age of onset by 7 years (Kurz et al.,
1996). To identify genetic susceptibilities, genome-wide association studies (GWAS) are of
particular interest as it allows identifying both known and unknown genes. Recent large
GWAS have identified additional genes for sporadic AD (Mhatre et al., 2015) mostly
involved in endocytosis, lipid metabolism or inflammatory or immune responses (Giri et al.,
2016) such as the clusterin gene (CLU), the triggering receptor expressed on myeloid cells 2
(TREM2) or complement receptor type 1 gene (CR1) (Harold et al., 2009; Jonsson et al.,
2013; Lambert et al., 2009) (Appendix 3). Regarding environmental risk factors, age is the
main risk factor for AD. Also, cardiovascular risk factors (hypercholesterolemia, arterial

hypertension or atherosclerosis), obesity, diabetes, smoking and history of traumatic brain
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injury or depression are associated with AD. On the contrary, some factors such as diet with
high fish, fruit and vegetable consumption, physical or intellectual activity as well as a high
education level have been described as protective factors (Reitz et al., 2011).

1.6. Biomarkers of Alzheimer’s disease

Biomarker research is a very active domain. A biomarker is a “physiological, biochemical,
or anatomic parameter that can be objectively measured as an indicator of normal biologic
processes, pathological processes, or responses to a therapeutic intervention” (Jack and
Holtzman, 2013).

Current AD biomarkers are divided into two classes (1) biomarkers of brain A deposition
that include low cerebrospinal fluid (CSF) AB1-42 and positive positron emission tomography
(PET) amyloid imaging, (2) biomarkers of downstream neuronal degeneration or injury that
include elevated CSF total and phosphorylated (more AD specific) Tau, decreased
fluorodeoxyglucose (FDG) uptake on PET in the temporo-parietal cortex and
disproportionate atrophy on structural MRI in medial, basal, and lateral temporal lobe as well
as medial parietal cortex (McKhann et al., 2011).

Other potential AD biomarkers are currently being evaluated such as other CSF (APOE,
24S-hydroxycholesterol...) or plasma (AP peptides, cholesterol or inflammation-related
proteins) analytes, diffusion MRI, perfusion MRI, resting state and task activation MRI
functional MRI as well as Tau PET ligands (Jack and Holtzman, 2013; Reitz et al., 2011).
These biomarkers have not yet demonstrated their test-retest precision or their diagnosis

efficacy and still require further development.

In patients with probable or possible AD, biomarker tests may increase the certainty of the
diagnosis. Presently, it was advocated that AD biomarker use should be restrained to
investigational studies, clinical trials, and as optional clinical tools when deemed appropriate
by the clinician. A specific category of “probable AD with evidence of AD
pathophysiological process” was defined to include biomarkers in AD diagnosis and is used

for research purposes (McKhann et al., 2011).

Some examples of AD biomarkers will be presented here.
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1.6.1. Cerebral atrophy

AD is characterized by a typical symmetric and widespread cerebral atrophy. The degree of
atrophy is related to disease duration, consistent with an early and sustained disease process.
Most impacted structures are the entorhinal cortex, the amygdala and the hippocampus (de la
Monte, 1989). Indeed, atrophy affects predominantly the temporal lobe as well as middle
frontal cortices with a relative sparing of the primary motor, sensory and visual cortices and
total sparing of the inferior frontal lobes (Halliday et al., 2003) and results in ventricle

enlargement.

Anatomic MRI allows the longitudinal evaluation of cerebral atrophy in AD at-risk patients.
Atrophy starts in the temporal lobe, then reaches the parietal lobes and finally, the frontal lobe
(Whitwell, 2010). Measured by MRI, atrophy correlates with neuronal loss (Zarow et al.,
2005), Braak stages (Jack et al., 2002; Vemuri et al., 2008; Whitwell et al., 2008) (Figure 3)
but not well with AP load (Josephs et al., 2008) suggesting that it reflects Tau-associated
neurodegeneration (Jack and Holtzman, 2013). Also, atrophies of temporal lobe structures
correlate with cognitive impairments (Duyckaerts et al., 1985; Jack et al., 2002). In particular,
episodic memory impairments are mainly related to the atrophy of the temporal lobe
including the entorhinal cortex and the hippocampal formation (Fleischman and Gabrieli,
1999).

Figure 3. Atrophy measured by MRI correlates with Braak stages. Patterns of gray matter
loss on MRI in subjects with Braak stage Il to IV (A), V (B), or VI (C) when compared with
the control group (Braak stages 0—I1) adapted from (Whitwell et al., 2008).
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1.6.2. Metabolic alterations

In AD, metabolic alterations occurs, for example, with a diminution of glucose carriers
(Simpson et al., 1994) and metabolic enzyme activity (Sorbi et al., 1983). FDG-PET studies
provide a non-invasive measure of cerebral glucose metabolism and revealed a characteristic
pattern of symmetric hypometabolism in the posterior cingulate and parieto-temporal regions
that then spreads to the prefrontal cortices. The extent of hypometabolism correlates with the
degree of cognitive impairment (Nestor et al., 2006; Small et al., 2008).

1.6.3. Electroencephalogram alterations

AD is also associated to neuronal activity alterations. Electroencephalogram (EEG) reflects
neuronal activity and has been used for many decades as a non-invasive, cost-effective tool

for exploring functional brain changes in AD.

During resting state EEG, AD patients show a slowing of their EEG frequencies compared
with healthy subjects (Giannitrapani et al., 1991; van der Hiele et al., 2007a; Huang et al.,
2000; Mattia et al., 2003). AD patients have increased power in slow EEG activity (delta and
theta frequency bands) and decreased power in fast EEG activity (alpha and beta frequency
bands) and such alterations correlate with the severity of cognitive impairments (Dierks et al.,
1991; van der Hiele et al., 2007a, 2007b; Koenig et al., 2005). Additionally, slow EEG
activity alterations correlate with other cerebral dysfunctions such as hypoperfusion (Mattia et
al., 2003). Also, resting EEG pattern can predict MCI conversion to AD (Jelic et al., 2000).
During eyes open and memory activation EEG, alterations in alpha frequencies are
associated with declines in MMSE scores as well as in memory and language skills in MCI
and AD patients (van der Hiele et al., 2007b).

The mechanisms leading to such EEG alterations are not yet well understood. AB could play a
major role as elevation of AP levels elicits epileptiform activity both in mice and AD patients

and promotes aberrant neuronal network synchrony (Palop and Mucke, 2010).

1.6.4. Modeling of Alzheimer’s disease biomarkers evolution

Various hypotheses have been proposed to model biomarker evolution. In the example
presented here, amyloid biomarkers (CSF Ap1.42 and positive PET amyloid imaging) become
abnormal first, followed by CSF Tau and then by FDG PET and MRI with cognitive
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impairments being the last event in the progression of the disease (Jack and Holtzman, 2013)

(Figure 4).
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Figure 4. Hypothesis for the modeling of pure AD biomarker evolution. The gray area
indicates a zone in which abnormal pathophysiology is below the biomarker detection
threshold. Cognitive impairments is represented by the green filled area allowing a range of
cognitive responses depending on the individual’s risk profile that shifts to the high risk for
those with low cognitive reserve and to the low risk for those with high cognitive reserve. All
biomarker and cognitive impairment curves are modeled as sigmoids but do not reflect reality
(Jack and Holtzman, 2013).

1.7. Current therapies for Alzheimer’s disease

Current treatments against AD are symptomatic. Four treatments have been approved between
1996 and 2003 and are still commercialized: donepezil (Aricept®), rivastigmine (Exelon®),
galantamine (Reminyl®) and memantine (Ebixar® and Namendar®). They are classified in
two categories: Acetylcholinesterase (AChE) inhibitors for the three first and the N-methyl-
D-aspartate (NMDA) antagonist for the last one.

The cholinergic hypothesis for AD physiopathology emerged in the early 80’s after the
observation that cholinergic neuronal population is especially impacted in AD and
significantly contributes to the cognitive decline (Bartus, 2000). This hypothesis oriented the
development and use of AChE inhibitors in AD. The AChE inhibitors aim to improve the

cholinergic neurotransmission, impaired in AD patients to stabilize cognition (Hansen et al.,
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2008; Tan et al., 2014). Also, several studies suggested that excessive activation of NMDA
glutamatergic receptors by glutamate plays an important role in the neurodegenerative
changes found in AD (Greenamyre et al., 1988; Zhang et al., 2016). Memantine is an

antagonist of NMDA receptors that aims to target these alterations.

The French Haute Autorité de Santé recommends that the use of AChE inhibitors in patients
with mild to moderate AD (MMSE>20), the use of AChE inhibitors or NMDA antagonist for
patients suffering from moderate to severe AD (10<MMSE<20) and NMDA antagonist for
patients with severe AD (MMSE<10) (Haute Autorité de Santé, 2011). Both therapeutic
classes improve cognitive impairments (Cummings, 2000) for a time but, due to progressive

neuronal loss, they rapidly lose their efficacy.

1.8. Physiopathology of Alzheimer’s disease

1.8.1. pB-amyloidosis

1.8.1.1. Generalities on B-amyloid peptides

AP is a 38 to 43 aminoacid peptide. Its production results from the sequential cleavages of
APP by the enzymatic complexes - and y-secretase in neurons. The y-secretase complex
determines the length of AP peptides of which 40 and 42 residues are the most common
forms. Key proteolytic components of y-secretase are PS1 and PS2. This processing is called
the amyloidogenic pathway (Figure 5). Physiologically, a non-amyloidogenic pathway for
APP processing is predominant involving a-Secretase whose cleavage of APP impedes the
generation of AP (Haass and De Strooper, 1999). AB can undergo several post-translational
modifications, including N-terminal truncations, pyroglutamate modifications as well as
phosphorylation (Thal et al., 2015).

The function of AP is unknown and its physiological production is often considered a waste

product although very low concentrations of AB may improve synaptic plasticity and memory

(Morley et al., 2010; Puzzo et al., 2008).

In physiological conditions, AP clearance from the brain is mediated by multiple processes
including drainage along perivascular basement membranes, transport across vessel walls into
the circulation, microglial phagocytosis, and proteolytic degradation (Miners et al., 2011) and

allows limiting its accumulation. Proteolytic degradation is a major route of AP clearance and
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relies on multiple enzymes such as neprilysin and insulin degrading enzyme (IDE) (Marr and
Hafez, 2014).

An imbalance between the production and degradation of AP, a shift from the non-
amyloidogenic towards amyloidogenic pathways, and/or an alteration in AP clearance

(Mawuenyega et al., 2010) could contribute to the accumulation of the AP in the brain.

APP
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Figure 5. Amyloidogenic processing of APP leading to AP generation and aggregation.
From (G6tz and Ittner, 2008).

1.8.1.2. B-amyloid misfolding and aggregation in Alzheimer’s disease

Generalities on protein folding

The conformation of a protein is the three-dimensional folding of polypeptide chains. It is
essential as it defines a protein biological function. Protein folding presents up to four
different levels of organization (Appendix 4). (1) The primary structure is defined as the
linear arrangement of the aminoacid sequence from the amino terminus (N-ter) to the
carboxyl terminus (C-ter). (2) The secondary structure is a local folding of the aminoacid
backbone chain in two main structures: a-helices or B-pleated sheets (parallel or anti-parallel
B-sheets) relying on weak interactions. Other parts of the backbone are ordered without
forming any regular structures. (3) The tertiary structure is a three-dimensional structure

where a-helix or B-sheets are folded in order to form a compact structure. It is mainly driven
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by hydrophobic interactions but other interactions such as salt, hydrogen and disulfide bonds
can intervene. (4) Finally, a quaternary structure can be described in multi-subunit proteins
and locked by covalent and/or non-covalent interactions.

The protein homeostasis network mainly relies on chaperones, that ensure the correct
folding of some proteins and prevent their misfolding and/or precipitation, and their

degradation by proteases (Landreh et al., 2016).

B-amyloid misfolding and agaregation

AP peptides mainly adopt a random-coil conformation in their soluble native state
(Simmons et al., 1994) although they can also present with a-helix structures in apolar

environments or 3-pleated sheets in aqueous solutions (Abelein et al., 2014).

The formation of AP fibers is dependent on AP peptides self-polymerization and seems to
require a conformational transition from random-coil to P-sheets as they present with
substantial B-structures (Barrow et al., 1992; Kirkitadze et al., 2001; McLaurin et al., 2000).

AP peptides are aggregation-prone and, classically, the longer the sequence, the more
aggregation-prone (Jarrett et al., 1993). The hydrophobic regions from the residues 17 to 21
and 29 to 42 are thought to comprise the main B-sheet region and play a major part in the
misfolding and aggregation of AP peptides (McLaurin et al., 2000). Also, early-onset
mutations within AP sequence found in familial cases of AD, the Dutch (Glu22Gln), Arctic
(Glu22Gly) and lowa (Asp23Asn) mutations, increase the aggregation-prone character of AP
by increasing its hydrophobicity and reducing its charge (Kim and Hecht, 2008). This
suggests that both hydrophobic and electrostatic interactions are involved in misfolded AP

aggregation by facilitating the stabilization of -sheets (Fraser et al., 1994).

1.8.1.3. Characteristics of B-amyloid aggregates in Alzheimer’s disease

Amyloid plaques are commonly classified as (1) “diffuse” and (2) “focal”, based on their
morphology and their affinity to amyloid dyes specific for the B-pleated sheet conformation
such as Congo Red and Thioflavin-S. (1) Diffuse plaques are usually large deposits, poorly
immunoreactive to anti-Af antibodies that do not bind amyloid dyes (Figure 6A). These
plagues are numerous in cognitively healthy elderly subjects (Duyckaerts et al., 2009). (2)

Focal deposits are dense accumulations of AB peptides that do or do not bind amyloid dyes,
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that may or may not be associated to a neuritic corona and that are generally surrounded by

activated microglia (Figure 6B).

Neuritic plaques, focal deposits with a neuritic corona, virtually always present with amyloid
dyes binding properties. The core of these plaques is generally composed of ABi.42 (Glintert et
al., 2006) and present a halo and a diffuse zone of immunoreactivity constituting the
outermost ring of the deposit. Activated microglial cells are usually present in the halo. The
corona of these plaques contains neuritic and astrocytic components. Silver-stained neurites
forming the neuritic corona are also called “dystrophic neurites” since they are abnormally
enlarged and contain paired helical filaments (PHFs) of Tau protein (Duyckaerts et al., 2009).
These plaques are most often found in patients with symptomatic AD and associated with
deleterious effects on the surrounding neuropil, synaptic and neuronal integrity as well as with
the recruitment and activation of both astrocytes and microglial cells (Vehmas et al., 2003).
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Figure 6. Ap plaque morphology. A. Diffuse amyloid plaques (6F/3D antibody). B. Focal
dense-core amyloid plaque. Scale bar 10um. Adapted from (Duyckaerts et al., 2009).

CAA is frequently detected in sporadic and genetic AD cases (80%) but is also found in
elderly cognitively intact individuals (Thal et al., 2008). CAA is an accumulation of AP in
vessel walls leading to hemorrhages and small cortical infarcts. CAA is mostly composed of
APi140 (Glntert et al., 2006) although Api4, can accumulate in capillaries. AP first
accumulates around the basement membrane and then in the tunica media of arteries and/or
capillaries but also in the veins (Thal et al., 2008). The intensity and topography of CAA is
variable but the occipital cortex is most massively and frequently involved (Attems et al.,
2007). CAA has been separated into two types: with (type 1) (Figure 7A) and without
capillary involvement (type 2, most frequent) (Figure 7B). Capillary involvement is
associated with ApoEe4 alleles (Thal et al., 2002b).
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Figure 7. Types of cerebral amyloid angiopathy. A. Type 1 CAA, arrows indicate capillary
deposits. B. Type 2 CAA, arrows indicate arterial deposits. Scale bar A: 80um; B: 325um.
Adapted from (Thal et al., 2008).

1.8.1.4. B-amyloid toxicity in Alzheimer’s disease

For a long time, the common view has been that AP plaques represent the toxic species.
However, the frail correlation between the number of aggregates and the cognitive state along
with the fact that amyloid plaques are found in cognitively healthy individuals suggests that

other players may carry AP toxicity.

The assembly of AP into amyloid plaques does not occur linearly. Indeed, intermediates
between monomers and mature fibrils, that are the main component of amyloid plaques and
CAA (Glenner and Wong, 1984; Masters et al., 1985), are various and numerous (Wetzel,
2006) such as protofibrillar (Harper et al., 1997; Walsh et al., 1999) or oligomeric forms
(Lambert et al., 1998). These intermediates are found during the lag phase of amyloid
formation (Wolff et al., 2015) (see 3.3).

Although toxic per se, plagues might sequester even more toxic species into insoluble and
biologically inert materials (Haass and Selkoe, 2007). Reports suggest that most of AP
toxicity might be mediated by soluble AP intermediaries contributing to the disease
progression although amyloid plaques might act as a “reservoir” able to release toxic AP
species (Thal et al., 2015). This hypothesis gained much attention since cortical levels of
soluble AP assemblies correlate with the extent of neuronal loss and the severity of cognitive
impairment in AD patients (McLean et al., 1999). Also, in animal models, some cognitive
impairments can develop before B-amyloidosis (Hsia et al., 1999) and oligomeric AP

assemblies lead to cognitive deficits (Gandy et al., 2010).
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AP soluble assemblies comprise various numbers of monomers and can exert diverse
toxicities. They can induce selective neuronal death, alter synaptic plasticity or deteriorate
synapses, favor aberrant Tau phosphorylation, lead to oxidative stress, inflammation, and
excitotoxicity, inhibit axonal transport, disrupt membranes by forming toxic pores, disturb ion
homeostasis and lead to apoptosis, among others (see Viola and Klein, 2015 for review).
Toxicity of AP assemblies seems to decrease when they turn into fibrillar forms (Chimon et
al., 2007) (Figure 8).

Fibrillation
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Figure 8. Scheme representing the evolution of toxicity of Ap assemblies during amyloid

fibrillation. Adapted from (Luo et al., 2016).

Some AP intermediates may be more toxic than others. Several types of oligomers such as AP
dimers, AP trimers, AB*56 and AP globular oligomers (soluble AP oligomers forming protein
micelles due to its amphiphilic properties (Kayed et al., 2003)) have been described and it is
not yet clear if toxic properties are restricted to oligomers or are exerted by all types of
soluble assemblies (Thal et al., 2015).

It has been proposed that AP may enter two different pathways: the amyloid formation
pathway and the non-amyloid formation pathway (Figure 9A). For example, a 60-kDa
globular AB;.42 oligomer, found in AD patients but not in healthy elderly brains, has been
shown to be a persistent structural entity that does not enter the fibrillar aggregation pathway
(Gellermann et al., 2008) and exert toxicities interfering with learning and memory processes
(Barghorn et al., 2005). This suggests that some oligomers are slowly able to convert into
amyloid fibrils whereas others do not (Lee et al., 2011a). Based on this hypothesis, a
classification of soluble AP oligomers into two classes (Figure 9B) was recently proposed.

Type 1 oligomers are AP assemblies that do not enter the fibril formation process and are
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supposed to have a greater toxic potential than type Il oligomers. Type Il oligomers, supposed
to constitute the main pool of AP oligomers, are related to the amyloid formation process and

therefore are not thought to have limited toxic impacts (Liu et al., 2015) (Figure 9C).
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Figure 9. Hypothesis for the classification of AP oligomers according to toxicity in AD. A.

Bi-directional pathway for misfolded A multimerization from (Barghorn et al., 2005). B.
Classification of AP oligomers based on their relationship with the amyloid formation

process. C. Proposed mechanism for oligomer toxicity. B and C from (Liu et al., 2015).

Identifying AP assemblies’ relative toxicity and their relevance regarding AD pathology will
be a critical step for the development of AD-relieving strategies. However, whereas amyloid
plaques and CAA are detectable by immunohistochemistry with conventional anti-Ap
antibodies or amyloid dyes, soluble AP assemblies, such as oligomers, protofibrils and fibrils,
usually escape detection by such methods (Thal et al., 2015) leading to technical issues for

their study.

1.8.1.5. Amyloid cascade hypothesis

The amyloid cascade hypothesis is the most widely accepted for AD physiopathology. It was
proposed in the early 90’s and considers AP as the main culprit leading to AD (Hardy and
Selkoe, 2002). As all AD-related mutations lead to an overproduction of AP or shift Ap
production toward more aggregation-prone A peptides, genetic AD provides a strong support
to a central role of AP in AD. In this hypothesis, elevation of AP levels, leading to soluble
oligomers, protofibrils, fibrils and amyloid plagques, is supposed to induce subsequent

damaging processes such as Tau hyperphosphorylation, NFTs formation, excitotoxic species
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generation, oxidative damage, neuroinflammation, and neurotoxicity. Over time, the
combination of these events leads to a widespread synaptic dysfunction, neuronal death and
AD clinical signs (Appendix 5).

1.8.2. Tauopathy

1.8.2.1. Generalities on Tau protein

Structure

Tau is a 352- to 441-residue protein composed of two major domains: the C-ter microtubule
binding domain (containing the repeat domain region) and the N-ter projection domain. A
proline enriched region links the two domains (Figure 10A). Tau presents with six isoforms
depending on the number of the repeat domain regions (R; the presence of repeat R2, yielding
3 or 4 C-ter repeat domain leading to 3R or 4R) and on which near-N-ter exons (N) are
included (ON, 1N or 2N) (Wang and Mandelkow, 2016).
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Figure 10. Structure of Tau protein. A. Domains of Tau isoforms in the adult human brain
from (Simi¢ et al., 2016). B. Secondary structure of Tau. Gray line: unfolded structures, red
cylinders: a-helices, black arrows: B-strands, green boxes: poly-Pro helices, dashed-line box:
region containing the two motifs (VQIVYK in R2 and VQIINK in R3) thought to be
responsible for Tau aggregation. From (Wang and Mandelkow, 2016)
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Physiologically, Tau has little tendency for aggregation (Mukrasch et al., 2009). It is mostly
unfold (Figure 10B) with a few short and transient secondary structures (o-helices, B-strands
and poly-Pro helices (Wang and Mandelkow, 2016) but Tau may also adopt a transient
paperclip-like shape (Jeganathan et al., 2006) and local conformations when binding to other

partners such as microtubules (Wang and Mandelkow, 2016).
Functions

Tau is a microtubule-associated protein. Depending on its subcellular localization, Tau
exhibits different functions. In adult neurons, Tau is mainly localized in axons, where it
stabilizes microtubules, promotes their assembly and regulates the reorganization of the
cytoskeleton (Feinstein and Wilson, 2005). Small amount of Tau is physiologically present in
dendrites and may be involved in the regulation of synaptic plasticity, as activity-dependent
translocation of Tau to excitatory synapse is disrupted by exposure to AP oligomers, and Tau
genetic deficiency protects against AP excitotoxicity (Frandemiche et al., 2014). Finally, Tau
has been detected in the nucleus of neurons and non-neuronal cells and may play a part in

maintaining deoxy- and ribonucleic acids integrity (Violet et al., 2014).

Metabolism

Tau is encoded by Microtubule-associated protein Tau (MAPT) gene located on chromosome
17921 (Neve et al., 1986). It is subject to alternative splicing producing 6 isoforms. Tau
expression and isoforms ratio are subject to considerable regional variation and these regional
differences may contribute to the differential vulnerability of brain regions to Tau pathology
(Wang and Mandelkow, 2016).

Many post-translational modifications of Tau, such as hyperphosphorylation, truncation or
acetylation, have been reported and could play a role in AD (Martin et al., 2011) by
promoting Tau aggregation (Wang and Mandelkow, 2016). Physiologically, Tau post-
translational modifications are tightly controlled as they are crucial for the regulation of Tau
physiological functions, including its binding to microtubules that regulates their stabilization
and dynamic assembly (Lu et al., 1999). In AD, Tau is the subject of many post-translational
modifications including hyperphosphorylation (Kdpke et al., 1993) with about 85 sites of
phosphorylation and 17 motifs of particular interest (Hanger et al., 2009).
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Tau clearance depends on its degradation by many proteases including caspases, calpains
and aminopeptidases (Chesser et al., 2013). Also, the ubiquitin—proteasome system (Mori et
al., 1987) and the autophagy-lysosomal system (Piras et al., 2016) may participate in Tau

clearance but their involvement is still a matter of debate.

1.8.2.2. Tau misfolding and aggregation in Alzheimer’s disease

Tau fibril formation may start by conformational changes allowing the adoption of 3-sheet
structures (von Bergen et al., 2001). In AD, all six Tau isoforms (Goedert et al., 1992) fold
into an ordered B-structure, that is absent in native Tau proteins (Berriman et al., 2003),
during its aggregation in PHFs, a fibrillar structure of around 10nm diameter (Hasegawa,
2016). The sequential process of Tau aggregation seems to start with Tau assembling into
dimers or trimers then into small oligomers to larger oligomeric assemblies (Patterson et al.,
2011) before slowly assembling into PHFs (Wu et al., 2013). Assembly of PHFs leads to Tau
inclusions in neurons, referred to as NFTs in the cell body, and neuropil threads in dendrites
and axons (Mukrasch et al., 2009).

The core of PHFs is formed of various B-pleated fragments of the repeat domain (Berriman et
al., 2003). The C-ter and the N-ter domains form a flexible “fuzzy coat” around the core
(Wischik et al., 1988) that may contribute to Tau fibril stabilization (Wegmann et al., 2013).
Inside the repeat domain, two short motifs of 6 residues (*">VQIINK?® and **®vQIVYK3" at
the beginning of R2 and R3, respectively) show a tendency for B-sheet structures and are
essential for Tau aggregation (von Bergen et al., 2000) as they seem to be the basic unit
leading to Tau self-assembling (Wille et al., 1992). Indeed, the disruption of these motifs
abrogates Tau tendency to aggregate whereas certain mutations (such as AK280 or P301L)
promote Tau aggregation by enhancing the formation of B-structures in these motifs (von
Bergen et al., 2001). Other fragments might also contribute to Tau aggregation such as
Tauis; 391 (Zilka et al., 2006) or truncated Tau; 421 (de Calignon et al., 2010).

1.8.2.3. Characteristics of Tau aggregation in Alzheimer’s disease

In AD, Tau accumulates exclusively in the somato-dendritic and axonal compartment of
neurons. Tau accumulations are called “pre-tangles” and “tangles” in the soma, “neuropil
threads” in the dendrites and “neuritic corona” in the axonal processes (Figure 11). Tau

aggregates undergo a maturation process that can be observed using different antibodies and
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colorations (Braak et al., 1994a). In “pre-tangle” stage, diffuse or granular Tau aggregates
are located in the cytoplasm and around the nucleus, are not usually positive for amyloid
staining and show immunoreactivity with several anti-phosphoTau antibodies. In the
“intracellular NFT” stage, large fibrillar argyrophilic inclusions accumulate in the soma
often associated with signs of neuritic deterioration. In the “extracellular NFT” or “ghost
tangle” stage, extracellular fibrillar Tau is observed with the shape of dead neuronal cell
bodies and is highly positive for amyloid dyes with a frequent loss of phospho-Tau

immunoreactivity.
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Figure 11. Tau pathology in Alzheimer’s disease. A. Intracellular NFT (large arrow),
extracellular NFT (small arrows) and neuropil threads (arrow heads). B. Neuritic corona. A-
B: AT8 antibody. Scale bars 10um. Adapted from (Duyckaerts et al., 2009).

1.8.2.4. Tau toxicity in Alzheimer’s disease

Tau toxicity is supposed to rely on both loss and gain of toxic function. Tau toxic loss of
function is usually attributed to the aggregation or abnormal hyperphosphorylation of its
soluble form. Indeed, reducing Tau binding to the microtubules may lead to disassembly and
deficits in axonal transport, contributing to neuronal functions alteration and
neurodegeneration (Kimura et al., 2014). However, in vivo, Tau deletion is not lethal and only
induces some cognitive impairments showing that Tau function can be partially balanced (Lei
etal., 2014).

There are two main arguments for Tau toxic gain of function. The first one is that Tau
hyperphosphorylation is toxic as it disrupts microtubule networks leading to apoptosis
(Kondo et al., 2015) and induces its missorting from the axons to the somatodendritic

compartment where it can lead to synaptic dysfunction (Wang and Mandelkow, 2016). The
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second argument is that NFTs are a better correlate of the severity of the disease than amyloid
plaques. However, neuronal loss exceeds NFTs in AD (Gomez-Isla et al., 1997) and strong
NFTs pathology can be found in non-demented patients without overt neurodegeneration
(Perez-Nievas et al., 2013). Also, in animal models, acute neuronal death (de Calignon et al.,
2010), synaptic toxicity and cognitive deficits (Kuchibhotla et al., 2014; Rudinskiy et al.,
2014) can occur before NFTs formation. Furthermore, in on/off models, cognitive
impairments are alleviated by switching Tau expression off despite the persistence of NFTs
(Van der Jeugd et al., 2012).

This accumulating evidence shows that NFTs may be neither sufficient nor necessary for Tau
toxicity and suggests a dichotomy between aggregating and toxic species of Tau. Indeed, like
for amyloid plaques and although toxic per se, NFTs formation may be protective by
sequestrating more toxic species. Indeed, soluble Tau species, in particular soluble
oligomers, are assumed to be the most toxic Tau species in AD (Lasagna-Reeves et al.,
2012a) by, for example, altering membrane integrity and reducing cell viability (Flach et al.,

2012). However, toxic Tau oligomers remain quite elusive both in structure and toxicity.

In conclusion, the aggregation process seems to be responsible for Tau toxicity along with
specific contributions of monomeric missorting and hyperphosphorylation of Tau.
Mechanisms underlying such toxicities as well as the structure of the toxic species still remain
to be fully elucidated.

1.8.2.5. Tau hypothesis for the physiopathology of Alzheimer’s disease

Tau hypothesis is an alternative explanation to the amyloid cascade for AD physiopathology.
Indeed, Tau conformational changes better correlates with neuronal loss and AD symptoms
than AB (Ghoshal et al., 2002) and are virtually detected in all adult brains earlier in life than
initially thought (Braak and Del Tredici, 2015). According to this hypothesis, Tau is the
trigger of AD pathology and, as a result of neuronal death, oligomeric and fibrillar Tau forms
are released to the extracellular space, contributing to microglial cell activation and
stimulating a deleterious cycle leading to the spreading of neurodegeneration (Maccioni et al.,
2010).
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1.8.3. Neuroinflammation

Glial cells, such as microglia and astrocytes, are involved in cerebral inflammatory
processes. Microglial cells are resident innate immune cells of the central nervous system and
astrocytes are supporting cells with neuronal environment regulatory functions that can
become reactive in case of injuries or pathologies. In AD, activated microglia and reactive
astrocytes are associated to dense-core AP plaques (Vehmas et al., 2003) and both astrogliosis
and microgliosis correlate with NFTs burden (Serrano-Pozo et al., 2011). Glial cells and
neuroinflammation seem to be critical players in AD but it is unclear whether they contribute

to the pathological process or have neuroprotective effects.

Regarding AD physiopathology, the AP cascade/neuroinflammation hypothesis has been
proposed as a modified version of the amyloid cascade hypothesis (Streit et al., 2004). This
hypothesis states that AP triggers microglial activation that produce neurotoxic substances
inducing neurodegenerative changes such as NFTs formation and synapse loss (Akiyama et
al., 2000). Clustering of activated microglial cells around AP plaques partly supports this
hypothesis.

1.8.4. Vascular alterations

Patients with AD present with many vascular alterations. CAA is one of the most common
vascular alterations. Also, cerebral blood flow is reduced, especially in temporal-parietal and
posterior cingulate cortices (Mattsson et al.,, 2014) and signs of cerebrovascular
degeneration, such as vascular injury and blood-brain barrier alterations, are often observed
(Ryu and McLarnon, 2009; Zipser et al., 2007). These vascular alterations are predominantly
observed in neocortical regions with AP pathology suggesting that they may be mostly related
to AP pathology (Kalaria, 1997; Mattsson et al., 2014). Finally, microhemorrhages are

common, especially in patients with CAA (Cordonnier and van der Flier, 2011).

The vascular hypothesis has proposed hypoperfusion as a central mechanism for the
pathogenic evolution of AD (de la Torre, 2000). Under this assumption, aging and vascular
risk factor lead to cerebral hypoperfusion affecting optimal brain function and leading to AP
deposition, NFTs formation, and cognitive alterations. Recently, a complementary hypothesis
suggests that alterations leading to cerebral microbleeds can link the vascular and AP
hypotheses of AD (Cordonnier and van der Flier, 2011). Molecules developed upon this
hypothesis are currently being tested in clinical trials (de la Torre, 2016).
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1.8.5.  Neuronal loss

AD is characterized by neuronal degeneration in several neurotransmitter-specific systems
(Whitehouse, 1987) such as cholinergic neurons (Whitehouse et al., 1981). Indeed, AD is
associated to massive neuronal loss with a pattern that differs from that of normal aging
suggesting a specific process, mostly mediated by apoptosis although it may not be the only
form of cell death (Mattson, 2004).

Causes of neuronal death in AD are not well understood but Tau is suspected to play a major
role (Fukutani et al., 2000). Neuronal loss, especially in cerebral cortex and hippocampus,
appears closely associated with NFTs. However, such correlation is not observed in some
non-cortical nuclei, such as the locus coeruleus and nucleus basalis of Meynert (Bondareff et
al., 1989). This suggests that neuronal death is linked to Tau and that A may also play a role

in this process.

1.8.6. Synaptic alterations

AD is also described as a “synaptic failure” (Selkoe, 2002) as synaptic density is the best
correlate of cognitive decline in AD (Terry et al., 1991). Up to 45% of synaptic buttons are
lost in the neocortex or hippocampus of AD patients as compared to control individuals
(Pozueta et al., 2013).

Mechanisms for synaptic alterations in AD are still unclear. Synaptic loss is not only linked to
neuronal loss as it precedes neurodegeneration (Selkoe, 2002) and is observed in living
neurons (Coleman and Yao, 2003). AP toxicity may mostly be responsible for synaptic
alterations as post-synaptic density (PSD) proteins of synaptic spines, such as PSD-95, and
synaptic plasticity are altered in presence of misfolded AP (Selkoe, 2008; Shankar et al.,
2007, 2008). In particular, soluble AP forms correlates with synaptic loss (Lue et al., 1999).
Post-synaptic terminals are more vulnerable and degenerate before pre-synaptic ones and such
effect is associated to AP rise and gliosis in regions that are not yet affected by AD lesions
(Gylys et al., 2004). However, such effects are still debated and further research is needed to

decipher synaptic alteration mechanisms in AD.
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In summary, the characterization of AD pathology has led to several hypotheses to
explain its physiopathology and has permitted the identification of potential therapeutic
targets. However, AD physiopathology is still mostly unknown, in particular for the

initial events and mechanisms leading to the pathological cascade.

1.9. Animal models of Alzheimer’s disease

Animal models are critical for understanding AD physiopathology and evaluating therapy. As
animals do not develop AD, various strategies were used to reproduce artificially AD

endophenotypes (hallmarks). Here we will present an overview of mammal models of AD.

Ideally, an animal model should present with three levels of validation (Sams-Dodd, 2006):
(1) a face validity, indicating a similarity between the model and human phenotypes; (2) a
construct validity indicating that the etiology of the model’s pathology is the same as in the
human disease; (3) a predictive validity, indicating that the response to drug treatment and
manipulations is similar to that observed clinically. An ideal animal model of AD should
therefore embody all the hallmarks of human pathological phenotype, present with similar
etiologies and respond to AD effective drugs. Since such a treatment has not yet been

developed; the predictive validity will not be discussed here.

1.9.1. Transgenic models

The standard mammalian models used in biomedical research are rodents. From a practical
perspective, there are many advantages to mice and rats in research. Indeed, their lifespan is
relatively short, they are cost-effective, their breeding and biology are well-characterized and
genetic manipulations on these species are quite easy. However, rodents are distantly related
to humans as compared to non-human primate (NHP). For example, three aminoacids are
different between mouse and human AP sequence (Appendix 6). It is generally admitted that
rodents’ A is not prone to aggregation because AP deposits are not observed even in very
aged animals although overexpression of murine AP has recently been shown to produce AD-
like amyloid deposits (Xu et al., 2015). Therefore, to model AD, two types of transgenic

mouse models were developed (www.alzforum.org) depending on the expression of mutated

or wild-type proteins.
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First, transgenic mouse models overexpressing mutated forms of APP PS1, PS2 and/or

Tau were produced. Of note, some models were also developed with controlled and/or

region-restricted expression of the transgenes.

For Tau transgenic models, mutations from genetic tauopathies were used as no Tau
mutation leads to AD in human. The most common are the P301S (expressing 4R/ON
human Tau isoform with the P301S mutation) and the PS19 (P301L) (expressing 4R/1N
human Tau with the P301L mutation). These Tau models do not present with
construction validation and only partial face validity as Tau lesions are often important in
the brainstem leading to motor disabilities and paralysis.

For APP, some of the most common are Tg2576 (expressing the human APP gene with
the double Swedish mutation) and APP23 (expressing the human APP gene with the
double Swedish mutation).

For APP and PS, various models were produced such as the APPsy.PS1ag9 (eXpressing a
chimeric humanized mouse/human mutant APP bearing the Swedish double mutation and
a human PS1 lacking exon 9) or the PS2APP (expressing the PSEN2 gene with the N141I
mutation and a human APP with the Swedish double mutation).

For PS, models were also developed such as the PS1(M146L) (expressing the human
PSEN1 with the M146L mutation) or the PS2(N141l) (expressing the human PSEN2
gene with the N141l mutation). APP and/or PS models present with only partial construct
validity for the genetic cases, as proteins are very highly overexpressed, and a partial face
validity as, although they present with cognitive deficits, AP overexpression is not
associated with Tau pathology except for neuritic coronas.

To overcome this absence of Tau pathology, a triple mutant, 3xTg, was generated with
mutated human PSEN1 (M146V mutation), APP (double Swedish mutation) and MAPT
(P30IL mutation). This model presents with a better face validity than the other models

but not construct validity.

Some transgenic rat models were also developed, such as the APP21 (expressing the human

APP bearing Swedish and Indiana mutations) and present similar construct and face validity

as transgenic mouse models presented above.

Second, models expressing human wild-type forms of APP or Tau proteins were

generated. For example, huTau mice (expressing all 6 isoforms of human Tau) develop age-
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dependent Tau pathology but do not present with B-amyloidosis whereas huAPP mice
(expressing the entire or fragments of the human wild-type APP) may develop amyloid
plaques when proteins are overexpressed but do not develop Tau pathology. These models
present with a better construction validity for sporadic AD cases although they generally
overexpress these proteins and do not, or only partially, develop similar lesions to AD leading

to poor face validity.

1.9.2. Inducible models

Various strategies for inducible model development have been proposed.

Virus-based gene transfer models are interesting because they allow controllable and
localized expression of AD-related proteins (Audrain et al., 2016; Ubhi et al., 2009).
However, they generally rely on a strong expression of mutated or wild-type proteins thus
limiting their construct validity and present with the same limitations as transgenic models for

face validity.

Other models, based on stereotaxic injections of streptozotocin (Kraska et al., 2012; Mayer
et al., 1990), pro-inflammatory agents (White et al., 2016), AP and/or AB degrading enzyme
inhibitors in rats (lwata et al., 2000), rabbits (Newell et al., 2003) or macaques (Li et al.,
2010) led to models with cognitive deficits, neurodegeneration and neuroinflammation. Also,
injections of oligomeric forms of A in mice (Brouillette et al., 2012; Epelbaum et al., 2015;
Selenica et al., 2013) or macaques (Forny-Germano et al., 2014) mostly led to acute instead of
progressive pathologies. Therefore, these models, however interesting, present with limited
construct and face validities.

Finally, based on the prion-like hypothesis, various models of experimental transmission
have been proposed (see 4.2 and 4.3) and present with similar limitations regarding face and

construct validity.

1.9.3. Spontaneous models

Animals do not develop AD but several species, such as dogs, goats, primates or bears, can
spontaneously develop AD-like lesions and sometimes cognitive deficits while aging (Braak
etal., 1994b; Cork et al., 1988; Giaccone et al., 1990; Nelson et al., 1994; Schultz et al., 2000;

Walker et al., 1987).These models are of great interest although lesions are often found after
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the animals have reached more than 75% of the species maximum lifespan (Baker et al.,
1993).

1.9.3.1. Dogs

Dogs’ AP sequence is similar to humans’ (Johnstone et al., 1991). Naturally, dogs develop
amyloid deposits, correlated to cognitive decline, but not NFTs or neuritic plaques
(Cummings et al., 1996; Giaccone et al., 1990; Russell et al., 1996; Wisniewski et al., 1996).
They also develop other AD endophenotypes such as cerebral atrophy and neuronal loss
(Head, 2011). Therefore, aged dogs present with good construct and face validity for sporadic
AD. Aged dogs have been used to evaluate AD treatments and in particular anti-Af
immunotherapies (Cotman and Head, 2008). In particular, pet dogs are of interest, due to the
care they receive, to evaluate anti-ageing drugs. For example, the Dog Aging Project

(www.dogagingproject.com) aims to longitudinally characterize aging in dogs and probe
rapamycin in an intervention trial to prevent disease and extend healthy longevity in middle-
aged dogs (Check Hayden, 2014).

1.9.3.2. Non-human primates

Non-human primates (NHP) present advantages over rodents as they are phylogenetically
closer to humans. Old NHP are also used as spontaneous models of AD as some animals
spontaneously develop amyloid deposits and cognitive decline while aging and their Ap and

Tau sequences are very similar to humans.

In macaques, amyloid plaques can be detected in animals older than 20 years (Kimura et al.,
2003; Struble et al., 1985). In Caribbean vervets, both parenchymal and vascular Ap deposits
have been shown after 15 years as well as plaque-associated gliosis (Lemere et al., 2008).
Both species have been used to evaluate immunotherapies (Gandy et al., 2004; Lemere et al.,
2004). Tau NFTs aggregates have been found in baboons but not in macaques (Kimura et al.,
2003; Schultz et al., 2000). Therefore, although NHPs have good construct validity, they do

not reproduce all AD endophenotypes.

Also, in aging-associated pathology studies, their long lifespan, low reproductive rate or
relatively large body size represent a lot of constrains. Smaller shorter-lived species are very
advantageous in terms of costs and research protocol span as they could develop AD-like
pathologies more quickly and be a valuable alternative to evaluate therapies. Indeed, smaller
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primates, such as the squirrel monkey or the mouse lemur, develop parenchymal and vascular

B-amyloidosis while aging (Elfenbein et al., 2007; Mestre-Francés et al., 2000).

We will now focus on the mouse lemur, the primate used in this PhD thesis.
1.9.3.3. Mouse lemurs

Generalities on mouse lemurs

The mouse lemur, Microcebus murinus or gray mouse lemur (Figure 12), is a small
prosimian primate endemic of Madagascar described first in 1777 by John Frederick Miller.
Phylogenetically, it is part of the Primate order, in the infra-order of the Lemuriforms. It
belongs to the Cheirogaleidae family along with other dwarf and mouse lemurs of the
Strepsirrhini suborder. As the mouse lemur, this family is entirely endemic to Madagascar. It
is composed of five genera, including the genus Microcebus, and 34 species (Mittermeier et
al.,, 2008). In 1975, the mouse lemur was declared threatened with extinction by the
Conventional on International Trade in Endangered Species (CITES) who prohibited its trade
except for non-commercial use such as scientific research. Today, the mouse lemur is

considered to be the most abundant small native mammal in Madagascar.

The mouse lemur is one of the largest of its genus. Its total length is 25 to 28 centimeters
(cm), including a tail length of 13 to 14.5 cm. Quadrupeds, they have long bodies and short
legs (Mittermeier et al., 2008). Like all mouse lemurs, Microcebus murinus is nocturnal and
arboreal. During the day, they sleep in small nests of dead leaves or in tree holes. In the wild,
its diet is varied and composed of insects, leaves, fruits, flowers and nectar. In captivity, it is
approximated with fruits and a mixture of eggs, gingerbread, concentrated milk and banana.
The mouse lemur is a photoperiodic-dependent animal. It expresses marked seasonal
rhythms such as the variation of its body mass. In captivity, during long day photoperiod
(summer; light > 12h), it weights around 75 grams and increases to 120 grams during short
day photoperiod (winter; light < 12h). During winter, the mouse lemur can sometimes exhibit
a form of dormancy (torpor), an unusual phenomenon in primates. The respect of photoperiod
is very important for mouse lemurs as their lifespan can be artificially reduced by the
acceleration of photoperiods (Perret, 1997). The mouse lemur also has a seasonal breeding
with females having 3 estrus at most each summer lasting 1 to 5 days. Gestation latency is

around 60 days and results in 1 to 4 young mouse lemurs weighting around 5 grams each.
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Young mouse lemurs are quickly independent (breastfeeding lasts 6 to 8 weeks) and are

considered adults when reaching their sexual maturity at 6 to 8 months (Perret, 1997).

Figure 12. Adult mouse lemur. From (Languille et al., 2012)

The mouse lemur has a relatively short lifespan for a primate but an exceptional longevity
for a small mammal. In the wild, it averages 3 to 4 years because of high predation (owls,
snakes and other endemic mammals) and environmental pressures (food privation and
parasitism). In captivity, the maximum lifespan can reach 12 years (Perret, 1997). Adult life
starts at 0.5 years and animals are considered to be old at 6 years (Languille et al., 2012).
This increase of lifespan allows observing several age-related changes such as alterations of
sensory functions (olfaction, hearing or visual acuity) as well as a decrease in motor activity
(Beltran et al., 2007; Languille et al., 2012; Némoz-Bertholet and Aujard, 2003).

AD-like pathology while aging in the mouse lemur

Scientific interest in the mouse lemur began in 1953 when the first French colony was
founded. Over the last decades, studies in various domains, including brain aging, have
emerged. The mouse lemur could be a useful model for both physiological and pathological
aging. AD-like pathological changes in the brain are thought to occur in about 20% old mouse
lemurs (Bons et al., 1992).

e Amyloidosis

APP localization in the mouse lemur brain, performed by immunohistochemistry, is similar to
its localization in the human brain. The sequence analysis of exons 16 and 17 (A segment) of

the APP gene has revealed that mouse lemur AP peptide is completely homologous with
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human AB. No mutations involved in familial cases of AD have been detected. The aminoacid
sequence of PS1 and PS2 are respectively 95.3% and 95.6% homologous to the human
sequences and no mutation related to genetic AD was detected (Calenda et al., 1996, 1998).
With respect to sporadic AD, genetics in the mouse lemur are poorly understood with the
exception of APOEg4. The mouse lemur, as other monkeys, is homozygotous for APOEg4

with a sequence similarity of 92.4% between mouse lemur and human (Calenda et al., 1995).

Diffuse (Figure 13) and compact amyloid plaques have been described as well as vascular
deposits, thought to be predominant (up to 60% of aged animals), and reported in some young
mouse lemurs. Parenchymal plaques were reported in the cortex and occasionally in the
hippocampus, amygdala, thalamus and brainstem. Three different plaque stages have been
described: (1) early deposits (pre-amyloid stages); (2) diffuse plaques mainly composed of
AP42; (3) compact plaques characterized by a dense core of Ai.40 Surrounded by a halo of
AP1-42. According to Bons et al., early deposits are found in 66% of young animals and 36%
of aged animals; diffuse plaques are detected in 33% of young mouse lemurs and 63% of aged
ones; and compact plaques are not found in young animals and are detected in 15% of aged
animals (Bons et al., 1992, 1994; Giannakopoulos et al., 1997; Mestre-Francés et al., 2000).

A B

Figure 13. Sparse cortical B-amyloidosis in aged mouse lemurs. Scale bars: 200um.
Adapted from (Kraska et al., 2011).

e Tauopathy

Aged animals sometimes present a rare tauopathy (abnormal phosphorylation) and normal
Tau accumulation has been detected in aged animals (Bons et al., 1995; Giannakopoulos et
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al., 1997; Kraska et al., 2011) (Figure 14). Tau protein molecular weight increases with age
suggesting a change of conformation and stabilization in the hyperphosphorylated state
(Delacourte et al., 1995). No correlation was established between AP deposits and Tau
accumulations and contrary to humans, a relative sparing of the hippocampus by Tau

pathology seems to occur in the mouse lemur (Giannakopoulos et al., 1997).

Figure 14. Sparse Tau pathology in aged mouse lemurs. A. Tau-immunoreactivity in the
parietal cortex. B. CP13-immunoreactive neurons (arrows). Scale bars 400 and 50um in A

and B, respectively. Adapted from (Giannakopoulos et al., 1997; Kraska et al., 2011).

e Cerebral atrophy

MRI studies detected cerebral atrophy in aged mouse lemurs with an increased volume of
CSF around the brain and in the ventricles (Dhenain et al., 2000). These atrophies seem to
begin in the frontal region then the parietal and temporal regions and finally the occipital
region (Figure 15). Cerebral atrophy in mouse lemurs is thought to occur in approximately
60% of middle aged or aged lemurs (Kraska et al., 2011) albeit with strong intensity

variability.
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Figure 15. Age-related cerebral atrophy. Images of the brain of a 5.5 years non-atrophied
(A) and a 8.8 years atrophied animal (B) where white CSF (arrow) surrounding cortical

regions showing obvious cerebral atrophy. Adapted from (Kraska et al., 2011).

e Cognitive impairments

Cognitive functions as well as behavioral patterns (loss of social capacities, prostration,
aggressiveness or circadian rhythm loss) are altered in a subgroup of aged mouse lemurs
(Picg, 1995, 2007; Trouche et al., 2010). Moreover, cognitive impairments have been
correlated to atrophies of the hippocampus and entorhinal cortex (Picq et al., 2012) (Figure
16). Importantly, only some of the aged individuals presented these impairments whereas
other aged animals were as good as young lemurs in the cognitive tests, suggesting a specific
pathological process (Picqg, 2007; Picq et al., 2012, 2015).
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Figure 16. Cognitive impairments are correlated to hippocampus and entorhinal cortex
atrophies. Adapted from (Picq et al., 2012).

68



Chapter | — Alzheimer’s disease

Advantages and constraints of the mouse lemur model

Mouse lemurs can therefore present with AD-like endophenotypes while aging. Mouse lemurs
as an AD model presents several advantages. First, this small-sized primate is
phylogenetically close to humans, relatively easy to breed and cost-effective as compared to
other primates. Then, its short lifespan allows longitudinal studies within a few years. Also,
various methods such as electroencephalography, cognitive or MRI protocols are available in
routine. Finally, its pathological aging reproduces many hallmarks of AD. In summary, aged
mouse lemurs present with good construct validity and partial face validity. However, several
differences with human can be noted. Indeed, if its brain structure is closer to humans’ than
mice’s, it is still quite different by its size or its macroscopic organization (absence of sulci).
Histopathological AD lesions are only partially reproduced in mouse lemurs. Indeed, the
lesional pattern differs from AD as it mainly affects the cortex and relatively spares the
hippocampus. Also, B-amyloidosis lesions are less pronounced and sparser and NFTs have

never been reported in this model.

AD-like lesions have been mainly detected by one research group (Bons et al., 1992) and this
pathological aging remains to be confirmed by a different research team. Also, the correlation
and contribution of AB and Tau to cerebral atrophy and cognitive impairments still remains to
be elucidated. Nowadays, it is not yet possible to identify which animals will develop the
pathology as no predictive biomarker of pathological aging has been identified in the young

or adult mouse lemur.
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Alzheimer’s disease (AD) is characterized by progressive cognitive impairments associated
with a cerebral atrophy and various brain function alterations. The identification of the two
cardinal lesions, respectively made of misfolded B-amyloid (AB) and Tau proteins, is still
required for the definite diagnosis of AD.

The physiopathology of AD is still unclear although accumulating evidence suggests that
endogenous assemblies of misfolded AP and Tau drive its pathogenesis through numerous
mechanisms. In genetic cases, chronic AP overproduction or increased aggregation-prone
propensity reproducibly leads to AD. However, sporadic AD etiology is still unknown
although misfolded assembly formation seems to be critical in initiating pathological

downstream events.

Current challenges for AD research are numerous. They comprise, among others, deciphering
the etiology of sporadic AD, carrying on with the development of predictive biomarkers to
achieve better early detection of the disease and identifying efficacy biomarkers to favor drug
development in clinical trials. Despite extensive effort, more than 1,409 clinical studies

referenced in total (www.clinicaltrials.gov) and 83 phase 11 trials between 2001 and 2012, no

novel drugs have been approved since 2003 (Cummings et al., 2014). Such attrition rate
(more than 99%) is not simply due to the tested drugs but rely on a combination of issues such
as patients selection, lack of knowledge on AD physiopathology and lack of translational

experimental models (Godyn et al., 2016).

Such observations highlight the need for fundamental and biomarker research as well as the
development of more translational models for AD. Indeed, developing more valid and
translational models would greatly favor breakthroughs in both basic and therapeutic AD
research. Disease-modifying therapies are currently being developed and such approaches,
along with prevention strategies, offer hopes to slow down or even prevent the onset of

symptomatic AD. Indeed, patients’ early care prior to symptomatic stages is likely to be an

efficient strategy against this devastating disease.
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A prion, acronym for « PRoteinaceous Infection ONly particule » (Prusiner, 1982), is a
proteinaceous pathogen constituted of a misfolded protein devoid of genetic material. Prions
exist in organisms from yeasts to humans and, although primarily presented as pathogens,

some can fulfill physiological functions.

Human prion diseases or transmissible spongiform encephalopathies (TSE) are a
heterogenous group of subacute fatal neurodegenerative diseases. The prion protease-resistant
protein (PrP) is responsible for fatal neurodegenerative diseases called transmissible
spongiform encephalopathies (TSE) or prion diseases. At least five different human prion
diseases have been described (Creutzfeldt-Jakob disease (CJD, including genetic, sporadic,
latrogenic and the new variant forms), Gerstmann-Straussler-Scheinker syndrome, Fatal
Familial Insomnia and Sporadic Fatal Insomnia) that are clinically characterized by a
progressive dementia associated with various clinical signs. Neuropathologically, they are
defined by spongiform change, neuronal loss and gliosis associated to misfolded PrP (PrP,

Sc as in scrapie, as opposed to the cellular physiological conformation PrP®) aggregates.

2.1. History of prion discovery

Prions became known to the public in 1990s at the onset of the “mad cow” crisis. This prion
epidemic was not however the first in history. Indeed, scrapie, a prion disease affecting sheep

and goats, was first described during the XV111™

century. It is a fatal degenerative disorder
characterized by behavioral changes (such as increased chewing movements), ataxia and
chronic scratching. Diagnosed for the first time in 1732, the transmissible nature of scrapie
was first demonstrated by two French veterinaries, Cuillé and Chelle, in 1936. They defined
that scrapie was caused by a “non-conventional transmissible agent” present within the

brain and spinal cord of ill animals (Liberski, 2012).

During the XX™ century, various TSE, like CJD or Kuru, were described in humans and
experimentally transmitted to primates (Gajdusek et al., 1967, 1968; Gibbs et al., 1968b).
In 1967, inactivation studies of scrapie infectious agent suggested that it was devoid of
nucleic acids (Alper et al., 1967; Pattison and Jones, 1967). Simultaneously, JS. Griffith
proposed the hypothesis that scrapie infectious agent is a misfolded protein. This infectious

agent propagation would rely on its ability to transmit its misfolded conformation to the host’s

71



Chapter Il — Prion diseases

native proteins (Griffith, 1967). In 1982, further scrapie inactivation studies were performed
by Prusiner’s team. They confirmed that scrapie agent was devoid of nucleic acids and that
processes destroying or altering proteins led to an important inactivation of the agent
(Prusiner, 1982). Also in 1982, they identified a “Protease-resistant Protein” (PrP) correlating
with the titer of the scrapie agent (Bolton et al., 1982) and proposed the term “prion” to define
scrapie infectious agent (Prusiner, 1982). In 1991, they demonstrated that the PrP protein is an
endogenous protein coded by the host genome and not by an infectious agent’s (Stahl and
Prusiner, 1991). In other words, scrapie is transmitted by a protein of the donor to proteins

of the recipient.

In introducing the notion of “proteinaceous infection only particle”, they challenged the
medical paradigm of the three types of infectious agents (virus, parasites and
microorganisms), all containing nucleic acids. This created a strong controversial debate in
the scientific community which alleviated in 1997 when S. Prusiner received a Nobel Prize in
Physiology or Medicine. This hypothesis was enforced in 1993 thanks to the development of
mice devoid of the PrP gene. Indeed, in the absence of the endogenous protein, mice were
resistant to scrapie (Bueler et al., 1993). Finally, in 2004, de novo synthetic prions from
recombinant PrP were generated in vitro and transmitted a neurodegenerative disease when
inoculated to PrP transgenic mice (Legname et al., 2004). These experiments gave additional
proof that prions would only be constituted of misfolded proteins and that the misfolding is

responsible for the development of the disease.

2.2. Etiology, epidemiology and clinical signs of human prion diseases

Unlike other neurodegenerative diseases, the etiology of human prion diseases can include
infectious or iatrogenic causes resulting from human to human or cattle to human
transmission. The annual incidence of all human prion diseases is thought to be around 1 to 2
case per million individuals (Chen and Dong, 2016). Human prion diseases are classified in
three categories: genetic, sporadic and acquired. Although infectious forms are the most
notorious, sporadic and genetic cases are much more frequent (Colby and Prusiner, 2011).

2.2.1. Genetic human prion diseases

Genetic cases represent about 10 to 15% of all human prion disease cases (Mastrianni, 2010).

More than 40 autosomal dominant mutations for the human gene encoding for PrP have been
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linked to familial form of prion diseases including Gerstmann-Stréussler-Scheinker syndrome,
genetic or familial CJD and Fatal Familial Insomnia. The age at onset of genetic prion
diseases is often earlier than in sporadic diseases. Clinical symptoms of genetic TSE are very
diverse and can include motor incoordination, dementia, ataxia, depression, and/or insomnia

depending on the disease (Imran and Mahmood, 2011).

2.2.2. Sporadic human prion diseases

Sporadic CJD was described in 1920 by H. Creutzfeldt and in 1921 by A. Jakob, two German
neuroscientists. It accounts for 85% of human prion diseases cases with an incidence of 0.5 to
1.5 cases per million persons per year (Colby and Prusiner, 2011). Mean age of onset is
around 65 years but this range is highly variable. Sporadic CJD is a rapidly evolving dementia
associated with myoclonus (an involuntary twitching of one or a group of muscles) at a later
stage. The mean duration of the pathology is 8 months and only 4% of cases survive more
than 2 years after onset (WHO, 2003). Other sporadic forms of prion diseases, such as
sporadic Fatal Familial Insomnia described in 1999, with clinical signs resembling the

familial forms have been described (Imran and Mahmood, 2011).

2.2.3. Acquired human prion diseases

Acquired forms of human prion diseases comprise Kuru, iatrogenic CJD and the new variant
of CJD. Acquired forms can be transmitted from human to human in particular situations such

as cannibalism and iatrogenic transmission or from cattle to human.

Kuru is a TSE confined to the Fore linguistic groups of Papua New Guinea. Kuru, “shivering
or trembling” in the Fore language, was transmitted by ritualistic cannibalism as a mark of
respect and mourning for the dead (Norrby, 2011). At its peak, Kuru epidemic is thought to
have killed 1 to 2% of the Fore population (Imran and Mahmood, 2011). Clinical symptoms
are remarkably uniform with cerebellar symptoms evolving to incapacitation and death. Kuru
is a quickly evolving disease as death occurs in 3 to 9 months after symptom onset (WHO,
2003). Since a ban on cannibalistic rituals has been imposed in the mid 1950’s by Australian
authorities, Kuru has gradually been disappearing although some cases are still reported due
to the very variable incubation period from 4 to over 47 years (Collinge et al., 2006; WHO,
2003).
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The first case of iatrogenic transmission of CJD between humans was reported in 1974
when a patient received a corneal transplant from an infected cadaver (Duffy et al., 1974).
Afterwards, various sources of infection were identified including intracerebral EEG
electrodes, neurosurgical instruments, dura mater or extracts of pituitary glands obtained from
cadavers and, more recently, blood products in the case of the variant of CIJD (Brown et al.,
2012). Due to the very long incubation periods, varying from years to decades, recognition of
some sporadic CJD cases as iatrogenic ones was difficult to obtain. The first epidemic of
iatrogenic CJD was associated to cadaver-derived growth hormone treatments. Worldwide,
226 cases have been detected including 119 cases in France (Brown et al., 2012) with an
average incubation time of 15 years. The second epidemic was associated to the heterologous
grafts of contaminated cadaveric dura mater with 228 cases recorded, mostly in Japan (Brown
etal., 2012; Norrby, 2011).

Finally, transmission from cattle to human has been the main focus of the last two decades.
The Bovine Spongiform Encephalopathy or “mad cow crisis” began in the late 1980s and
reached its peak in 1992 with more than 180 000 cow cases detected with a mean incubation
time of five years. The source of this cow epidemic was the introduction of meat and bone
meals prepared from cattle, sheep, pig and chicken (Norrby, 2011). In 1994, the first cases of
bovine-related CJD were identified. They were described as “a new variant of CJD” as
patients were generally younger with unique histopathological alterations and molecular
characteristics of PrP were different from sporadic cases (Will et al., 1996). To date, 229
cases have been reported worldwide, mostly in the United Kingdom (Norrby, 2011).

2.3. Neuropathology of human prion diseases

Prion diseases are characterized by the degeneration of the central nervous system (CNS)
whereas the whole body remains unharmed (Aguzzi and Heppner, 2000). Vacuole formation
is observed in the encephalon giving to the brain a sponge-like appearance (spongiform
change). This characteristic vacuole formation is associated to neuronal death, gliosis
(astrocytic reactivity and microglial proliferation) and aggregates of misfolded PrP (PrP*) in
the parenchyma (Colby and Prusiner, 2011) (Figure 17).

Definite diagnosis of human prion diseases rely on histopathological assessment of brain
tissues with the identification of a typical triad (spongiform change, neuronal loss and

gliosis). As neuronal loss and gliosis are characteristic of other afflictions of the CNS, the
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spongiform change is the most specific feature of prion diseases. Although PrP*° aggregates
are specific to prion diseases, the amount and distribution of deposits do not always correlate
with the type and severity of local tissue damage (Budka, 2003).
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Figure 17. Histopathological lesions in human prion diseases. A. Spongiform change on
haematoxylin and eosin stain of brain slices. B. PrP amyloid plaques detected by
immunohistochemistry with anti-PrP antibody. Scale bar represents 100um. Adapted from
(Webb et al., 2008).

2.4. Prion protein

2.4.1. Physiological prion protein

PrP is a cell-surface glycoprotein encoded by the Prnp gene located on the chromosome 20
(Liao et al., 1986). Its expression is ubiquitous although it is higher in the CNS and in
particular, in neurons (Kretzschmar et al., 1986). Its structure includes an N-ter flexibly
disordered "tail" and a C-ter globular domain with three a-helices and a short anti-parallel -
sheet (Zahn et al., 2000).

PrP is not mandatory as Prnp knock-out mice can be generated and do not present with major
abnormal phenotype (Bueler et al., 1992). However, PrP is highly conserved suggesting an
important role. Nowadays, its functions still remain enigmatic and, in the brain, PrP has been
proposed to have mainly a neuroprotective role. Indeed, PrP could intervene in many
functions such as apoptotic and oxidative stress protection, copper ion metabolism,
transmembrane signaling, synapse formation and maintenance or adhesion to the extracellular
matrix (Westergard et al., 2007)
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2.4.2. Pathological prion protein

Prion diseases result from conversion of the physiological PrP® into a misfolded PrP*
isoform. Both proteins are encoded by the same gene (Basler et al., 1986), present with the
same primary structure and the same post-translational modifications but differ by their
secondary and tertiary structures (Riesner, 2003). Indeed, PrP* is characterized by an
enriched P-sheet secondary structure whereas PrP“‘s is mainly composed of a-helices
(Caughey et al., 1991; Pan et al., 1993).

PrP* present with specific characteristics. First, its conformation is self-propagating.
Then, it is highly resistant to degradation and resists to formalin or heat inactivation. It can
also be resistant to proteinase K treatment (PrP"*) (Riesner, 2003). If PrP™* is a biochemical
marker of infectiousness, infectiousness and proteolysis resistance are not always correlated
as shown in prion disease patients (Gambetti et al., 2008) or animal models (Lasmézas et al.,
1997). Finally, in analogy to other infectious agents, PrP> strains can be described as leading

to pathologies with different phenotypes (Colby and Prusiner, 2011).

Strains are classically defined as a genetic variant of the infectious agent, but this concept
cannot be extended to prions and was one of the strongest evidences against the protein-only
hypothesis. Nowadays, it is commonly accepted that phenotypic differences between prion
strains arise from alternative conformations of PrP>. Such strains can be faithfully propagated
as both the clinical and biochemical outcomes can be maintained through several passages of
experimental transmission. However, the definitive proof for the structural nature of prion
strains differences still has to be demonstrated. Prion strains can be classified by different
parameters such as incubation periods, histopathological characteristics (vacuoles
morphology, PrP deposits morphology, affected brain regions...), clinical signs, biochemical
characteristics (electrophoretic mobility after proteinase K digestion, extent of proteinase K
resistance, glycosylation pattern, binding affinity for copper, conformation-dependent
immunoassays...) (Morales et al., 2007).

Since the discovery that prion diseases rely on misfolded endogenous proteins, various
hypotheses about transconformation mechanisms have been proposed (Aguzzi and Heppner,
2000). The most commonly accepted model is the “seeding” model in which PrP® and PrP>
are in equilibrium strongly favoring PrP® and PrP* is only stabilized when it polymerizes into

a “seed”. The seed formation is described as a very slow and stochastic process. Once formed,
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this seed will then quickly recruit monomeric PrP* in a nucleation-dependent polymerization
process (Aguzzi and Heppner, 2000). The basis for this process will be described in Chapter

I11 — Theoretical concepts for amyloid proteins.

Prion diseases are supposed to consist of two successive steps: the seeding and spreading
(propagation of seeds within the brain) of misfolded proteins followed by extensive

neurodegeneration.

Neurodegeneration does not necessarily correlates with the extent of PrP> deposition. This
suggests that infectious and neurotoxic forms could represent distinctive proteinaceous
species (Cobb and Surewicz, 2009). Neurodegeneration also appears unrelated to a loss of
PrP¢ physiological functions. It is more and more commonly admitted by the scientific
community that soluble species might be responsible for neurotoxicity (Cobb and Surewicz,
2009).
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Prions, acronym for « PRoteinaceous Infection ONIy particle », are proteinaceous pathogenic

agents without genetic material.

‘ Human prion diseases are a heterogeneous group of subacute fatal neurodegenerative diseases ‘
caused by the accumulation of a misfolded prion protein (Protease-resistant protein, PrP).
They arise from genetic, sporadic as well as infectious etiologies. Clinically, they are
characterized by progressive dementia associated with various clinical signs. Definite
diagnosis of human prion diseases rely on histopathological assessment of brain tissues with
the detection of spongiform change, neuronal loss and gliosis as well as PrP aggregates

detection.

Prion diseases rely on the accumulation of misfolded endogenous proteins. Prion
physiopathology is based on the transconformation and aggregation of endogenous proteins
(seeding) followed by the propagation of proteopathic seeds within the brain (spreading)

leading to extensive neurodegeneration and clinical signs.
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AP, Tau and PrP proteins are all part of the amyloid family. The critical role of amyloid
proteins largely overtakes the single spectrum of neurodegenerative diseases as amyloid
proteins are associated with more than 30 unrelated human or animal heterogeneous incurable
diseases called “amyloidoses” (Sipe et al., 2014). During these diseases, the deposition of
autologous amyloid proteins can occur in cells or tissues of different parts of the body.
Some amyloidoses such as AD or type Il diabetes are major threats to public health as they

affect millions of patients worldwide.

3.1. Definitions of amyloids

As proposed by the “Nomenclature Committee of the International Society of Amyloidosis”,
an amyloid protein is “a protein that is deposited as insoluble fibrils, mainly in the
extracellular spaces of organs and tissues as a result of sequential changes in protein folding
that result in a condition known as amyloidosis. An amyloid fibril protein occurs in tissue
deposits as rigid, non-branching fibrils of approximately 10nm in diameter. The fibrils bind
the dye Congo red and exhibit green, yellow or orange birefringence when the stained
deposits are viewed by polarization microscopy. When isolated from tissues and analyzed by

X-ray diffraction, the fibrils exhibit a characteristic cross-p diffraction pattern”.

Amyloid proteins constitute a very diverse family that are both essential to some biological
functions and can lead to terminal diseases. For example, they can fulfill physiological roles
such as the formation of biofilms (Curli proteins in E. coli) (Nizhnikov et al., 2015).
Therefore, to integrate non-pathologic amyloids, biochemists and biophysicists proposed a
larger definition of an amyloid protein as “a protein that can form fibrillar polypeptide
aggregates with cross-p conformation” (Fandrich, 2007). Although mainly extracellular,
intracellular protein inclusions can be considered as “intracellular” amyloid proteins like Tau

protein (Sipe et al., 2014).

The term “amyloid” (starch-like, from the latin amylum or greek amylon) was introduced in
1838 by M. Schleiden to describe starch conglomerates in plant cells. This term was reused
by R. Virchow in 1854 to describe inclusions in the liver that were, like starch, stained with
iodine (Nizhnikov et al., 2015). Despite scientific controversy, amyloids were first shown to

be of proteinaceous nature in 1859 (Kelly, 1987). The concept of amyloid was then applied to
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various protein deposits exhibiting the same properties in light microscopy and the same
tinctorial abilities (Sipe et al.,, 2014). Today, the structural organization of protein
assemblies is the major criteria for their inclusion into the amyloid family.

3.2. Common structure of amyloid fibrils

Amyloid formation is the process leading from soluble proteins (native state) to insoluble
protein deposits (amyloid state). The amyloid state of a protein is defined as the formation of
thread-like fibrils (Otzen, 2013). The amyloid family is remarkable by the diversity of its
aminoacid sequences and native structures (Chiti and Dobson, 2006) but present a common
highly-ordered core structure, the cross-f molecular skeleton (Sunde et al., 1997). Indeed, all
amyloid fibrils display a specific X-ray diffraction pattern, independent of the origin of the
amyloid sample (Eanes and Glenner, 1968), called “cross-p diffraction pattern” (Sunde et
al., 1997). The term "cross-p" corresponds to the observation of two sets of diffraction rings,
one longitudinal and one transverse, forming a "cross" pattern (Figure 18). Such diffraction
pattern indicates that the fibrils are composed of a “cross-p structure” composed of stacks of

assembled proteins with B-sheet structures perpendicular to the fibril axis.

3.3.  Overview of thermodynamic theory of the amyloid formation

In theory, a protein can fold in an almost infinite number of conformations between two
extremes ranging from highly structured states to random denatured states. Each possible
conformation of a protein corresponds to an energy level, called "free energy level™. The free
energy level of a conformation depends on relatively weak intra- or inter-molecular
interactions (such as hydrogen bonds or electrostatic interactions) and interactions with the
solvent, underlying the hydrophobic effect. In reality, a protein folds into secondary and
tertiary structures that allow its conformation to reach the minimal free energy level. The
functional native state is thus likely to be the conformation with the minimal free energy level

under physiological conditions (Knowles et al., 2014).

In monomeric native states, interactions are mainly intra-molecular, with exception to its
interactions with the solvent. In contrast, in the amyloid state, monomers mainly interact with
the other monomers forming the polymer. As the free energy is dependent on intra-and inter-
molecular interactions, the free energy of the amyloid state is dependent on the
concentration of monomers contrarily to the native state (Knowles et al., 2014).
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Figure 18. Characteristic cross-p diffraction pattern of amyloid fibrils. This specific
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pattern is observed when X-rays are directed on amyloid fibers. When the fibrils are
mechanically oriented, the X-ray diffraction rings split in two diametrically opposed arcs. The
first one (the 4.8A diffraction ring) indicates the interstrand spacing that represents the
distance between two hydrogen-bonded B-sheets. It corresponds to the value obtained for
polypeptide chains with B-sheet configuration (Eanes and Glenner, 1968). In a fibril, two
strands of B-sheets can interdigitate creating a compact dehydrated interval, called a steric
zipper, relying on hydrophobic interactions. The second pattern (here 10 A) is more variable
as it shows the intersheet spacing (the packing distance between two juxtaposed B-sheets) that
depends on the volume of the aminoacidic residues of the sequence of the amyloid protein
(Féndrich, 2007). Adapted from (Eisenberg and Jucker, 2012).

Therefore, at a certain concentration of monomers, called the critical concentration, the
amyloid state presents with the same free energy than the native state. At higher
concentrations, the amyloid state becomes more stable than the native state. Conversion from
the native state to the amyloid state requires the unfolding and the refolding and
polymerization of monomeric proteins. These changes require additional energy and are
called “the free energy barrier”. At concentrations superior to the critical concentration, a
protein can only remain in the native state if the free energy barrier is too high to allow the

transition to the amyloid state (Figure 19A). Conversely, proteins cannot convert to the
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amyloid state at concentrations lower to the critical concentration as the energy level would
be too high (Knowles et al., 2014).

The native and the amyloid state represent the two free energy minima of an amyloid protein
conformation. The conversion from the native state to the amyloid state is not linear. Between
these two energetic extremes, various intermediates, for example partially folded states
(alternative monomeric conformations) or oligomeric states (soluble assemblies of B-sheet
enriched monomers), can reach local minima of free energy. In the cell, chaperones regulate
the folding of amyloid proteins in order to favor the adoption of the native conformation
(Figure 19B) (Kim et al., 2013).
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Figure 19. Theoretical energy landscape maps representing the free energy levels of
amyloid protein conformations and assemblies at concentrations exceeding the critical
concentration. A. Theoretical representation of the free energy barrier and the variation of
the free energy (AG) between the native and the amyloid state adapted from (Knowles et al.,
2014) and (Fandrich, 2007). B. Theoretical representation of the native, partially folded,
oligomeric and amyloid state energy levels and the role of chaperones adapted from (Kim et
al., 2013).

The various conformations of a monomeric protein are in equilibrium. These quick changes
(Kinetic effects) overcome the energy barrier between conformations. This equilibrium (K1)
is unfavorable to misfolded proteins. However, in case of simultaneous unfolding exposing
the amyloid-forming segment, misfolded proteins can assemble into a “nucleus”. This

unstable nucleus turns the kinetic equilibrium (K2) in favor of misfolded proteins as they are
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incorporated into the growing nucleus (Harper and Lansbury, 1997). The nucleus templates
the cross-p skeleton of the fibril that grows by incorporating monomers as they expose their
amyloid-forming segment and bound at the ends of the fibril (seeding) (Eisenberg and Jucker,
2012) (Figure 20A).

It has been suggested that a nucleus requires three to four monomers to template the growth of
the fibril (Nelson et al., 2005). For example, only Tau nuclei composed of more than three
monomers can trigger seeding and fibril formation in vitro (Mirbaha et al., 2015). This
suggests than three or four monomers must unfold and expose their amyloid-forming
segments at the same time. Also, monomeric concentration should also be above the critical
concentration for this elongation to happen (Figure 20B). The combination of those two
requisites (simultaneous unfolding and concentration) makes the nucleation process a rare

event.

Accordingly, the kinetics of amyloid formation are characterized by a long lag-time,
corresponding to the nucleus formation, followed by a quicker formation of the fibril (seeded
growth) (Jarrett and Lansbury, 1993) (Figure 20B). The fibril growth process is associated to
the occurrence of several small to large intermediate assemblies between a nucleus and a full
grown fibril. They are called oligomers and protofibrils (Lee et al., 2011b) (Figure 20C). It is
interesting to outline that, in this model, the formation of the nucleus is the determining

step of the process.

The fact that fibrils grow from their ends suggests that the fragmentation of these fibrils
affects the kinetics of seeded fibrillar growth. For example, the fragmentation of one fibril
multiplies the number of seeding ends accelerating the seeding process (Tanaka et al., 2006)
and conversely, fibril stabilization reduces seeding activity by preventing fragmentation
(Bieschke et al., 2011; Lam et al., 2016). Kinetic models for amyloid formation should
therefore include rates of nucleation, seeding growth as well as (Eisenberg and Jucker,
2012).

Because of the critical role of monomer concentration for the native/amyloid state
equilibrium, it has been proposed that local abnormally high concentration, due to
increased synthesis or defect in degradation pathways, is a factor leading to amyloid
formation (Eisenberg and Jucker, 2012; Nelson et al., 2005).
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Figure 20. Nucleation-dependent amyloid formation. A. Theoretical representation of
nucleation-dependent mechanism for amyloid formation. K1 indicates a kinetic equilibrium
unfavorable to misfolded proteins and K2 a kinetic equilibrium unfavorable to native proteins.
Adapted from (Harper and Lansbury, 1997). B. Simplified kinetic curves for amyloid
formation at concentrations superior to the critical concentration neglecting intermediates
between monomers and fibrils. Adapted from (Harper and Lansbury, 1997). C. Schematic of
nucleation and fibril growth. Adapted from (Morriss-Andrews and Shea, 2015).

3.4. Amyloid polymorphism

Amyloid fibrils can present with structurally distinct polymorphism. Indeed, one
polypeptidic sequence can adopt various secondary and tertiary structures (conformation).
Therefore, different conformations of the same monomer may lead to different amyloid fibril
phenotypes that can present with distinctive properties (Eisenberg and Jucker, 2012). This
polymorphism is now admitted as a common propriety of amyloid proteins (Chiti and
Dobson, 2006).
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Amyloid proteins constitute a very diverse family that can lead to terminal diseases such as

prion diseases or AD. Amyloids are defined as proteins able to form fibrillary assemblies in
which the monomers present with a misfolded B-sheet enriched conformation and that display

a characteristic cross-p diffraction pattern when analyzed by X-ray diffraction.

Amyloid formation is the process leading from soluble proteins (native state) to insoluble
protein deposits (amyloid state). Native proteins need to cross an energy barrier in order to
misfold and polymerize into the amyloid state. Once a nucleus or seed of misfolded proteins
is formed, it serves as a facilitating template for the transconformation and incorporation of

native proteins leading to the fibril formation.

Considering the mechanisms of amyloid formation, theoretically, all amyloids are
transmissible as the introduction of a nucleus has been shown both in vitro and in vivo to
induce the seeding of monomers (Eisenberg and Jucker, 2012). However, until now, only PrP

has been demonstrated to present with infectious properties in humans (Prusiner, 1998).
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Since the discovery of the transmissible character of prion diseases, other cerebral
proteinopathies have been suspected to harbor similar transmissible properties. Among these
diseases, growing evidence supports the concept that AD is initiated and sustained by the

misfolding and aggregation of AP and Tau proteins.

4.1. Early history of the prion-like hypothesis of Alzheimer’s disease

From the 1970s to the early 1990s, after the discovery of the infectious properties of various
TSE, many researchers undertook experiments to determine if, like prions, AD was
transmissible to various species of primates ranging from squirrel monkeys to chimpanzee
using intracerebral and peripheral inoculation routes and long incubation times (up to 11
years) (Brown et al., 1994; Goudsmit et al., 1980). The overall results were inconclusive and
at this time, only one study in marmosets (Callithrix jacchus) showed a sparse transmission of
B-amyloidosis (Baker et al., 1993, 1994). Around the early 1990s, the prion-like hypothesis of
AD was progressively abandoned in favor of the amyloid cascade hypothesis but interest
grew back in the 2000s thanks to the development of transgenic mouse models of amyloidosis
(Kane et al., 2000; Meyer-Luehmann et al., 2003, 2006; Walker et al., 2002). Nowadays,
numerous experimental studies support the concept that AD-related proteins present with

properties virtually similar to PrP.

4.2. Prion-like hypothesis for B-amyloidosis

4.2.1. B-amyloidosis seeding in humans

Several studies suggest that -amyloidosis in humans can be the result of seeding processes.
Although infectious etiology for AD has never been demonstrated by epidemiological studies
(Beekes et al., 2014; Edgren et al., 2016; Schmidt et al., 2012), it has been recently suggested
that p-amyloidosis is, under specific conditions, transmissible to humans. Indeed,
neuropathological evidence for AP seeding was first reported in four young iatrogenic CJD
cases related to treatment with cadaver-derived growth hormones (CGH) suggesting
iatrogenic transmission (Jaunmuktane et al., 2015). B-amyloidosis iatrogenic transmission was
also suspected in humans following grafting of dura mater obtained from cadavers. To date, 7

potential iatrogenic -amyloidosis cases following dura mater graft have been described in
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iatrogenic CJD cases (28 to 63 years-old) and reports suggested a causal link between dura
mater grafting and AP pathology (Frontzek et al., 2016; Kovacs et al., 2016; Preusser et al.,
2006). These studies raise the possibility that pathological AB could be seeded through
contaminations. Such hypothesis deserves further investigation as it suggests that healthy
recipients of CGH treatments or dura mater grafts may be at high risk of developing early-
onset B-amyloidosis. Until now, no increase in the incidence of non-prion neurodegenerative

diseases in CGH recipients has yet been reported (Irwin et al., 2013).

Suspicion of iatrogenic B-amyloidosis supports the relevance of seeding mechanisms for AB
in AD. However, in these cases, B-amyloidosis was not associated with other typical lesions
of AD such as NFTs. This suggests that the full phenotype of AD may not be transmissible
although its development at longer incubation times cannot be excluded. Following non-CJD
recipients may provide some further evidence of AP iatrogenic transmission and shed some

light upon the possible development of AD.

4.2.2. Experimental B-amyloid seeding

Suspicion of AP seeding in humans follows of a long series of experiments that progressively

shaped the concept that B-amyloidosis can be seeded in in vitro or animal models.

In vitro, fibril formation of AP occurs in supersaturated solutions (Spirig et al., 2014) and is
accelerated by the addition of preformed AP aggregates in solution and cellular models
(Friedrich et al., 2010; Harper and Lansbury, 1997; Paravastu et al., 2009; Petkova, 2005). In
order to evaluate if B-amyloidosis can be seeded in vivo in a prion-like manner, one solution is
to introduce preformed A seeds into the organism of an animal model expressing AP with a

similar sequence.

Three types of models have to be distinguished. The first one is composed of models that
systematically develop B-amyloidosis (i.e. transgenic animal models, Figure 21A). In these
models, introduction of AP preformed seeds should lead to the acceleration of f-amyloidosis
development (Figure 21B). The second one is composed of models that can spontaneously
develop B-amyloidosis but not in every animal (i.e. spontaneous animal models). In these
models, introduction of AP preformed seeds should increase the number of animals
developing B-amyloidosis or lead to an earlier onset of the pathology. Finally, the third type is
composed of models that do not spontaneously develop B-amyloidosis in their lifetime

(Figure 21C) but express AP peptides with an aminoacid sequence similar enough to
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human’s so that, when AP preformed seeds are introduced in their organism, they might

trigger f-amyloidosis (Figure 21D).
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Figure 21. Schematic representation of the Kinetics of transconformation and seeding in

animal models. A. Transconformation in a spontaneous model (blue). B. Acceleration of

transconformation (red) by the exogenous addition of preformed seeds in a spontaneous

model (blue). C. Absence of transconformation in a susceptible model that do not

spontaneously develop the pathology during

its life time (blue). D.

Induction of

transconformation by the exogenous addition of preformed seeds (red) in a susceptible model

(blue).
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4.2.2.1. Acceleration of B-amyloidosis in transgenic models

Amyloid formation process requires the presence of a compatible aminoacid sequence for
seeding. As murine AP is not analogous to human AP, the development of APP transgenic
mouse models allowed evaluating AP seeding properties in vivo in the 2000s. These models
show that high expression of AB peptides promotes Ap aggregation and deposition in amyloid
plaques and/or CAA.

The first seeding experiment was performed using intracerebral inoculation of AD patient
brain homogenates into the brain of transgenic mice and non-transgenic littermates. The post-
inoculation delays were defined before spontaneous B-amyloidosis development. Several
months after inoculation, B-amyloidosis was accelerated in AD-inoculated transgenic mice in
the inoculated structure and others to a lesser extent (Figure 22)(Kane et al., 2000). Similar
results were obtained in numerous following experiments showing that intracerebral
inoculation of either AD patient or aged transgenic mouse brain homogenates or extracts is
able to accelerate B-amyloidosis in young transgenic mouse models of B-amyloidosis (Duran-
Aniotz et al., 2013, 2014; Eisele et al., 2009; Fritschi et al., 20144, 2014b; Langer et al., 2011,
Marzesco et al., 2016; Meyer-Luehmann et al., 2006; Morales et al., 2015; Stohr et al., 2012;
Walker et al., 2002; Ye et al., 2015a, 2015b).
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Figure 22. AD brain homogenate inoculation accelerates p-amyloidosis in transgenic
mice. A. 8 months old Tg2576 mouse inoculated with AD brain homogenates. B. Aged-

matched non-transgenic littermate mouse inoculated with AD brain homogenates. Scale bar,
500um. Adapted from (Kane et al., 2000).

Other inoculation routes have been tested. If oral, intranasal, intraocular and intravenous
inoculations failed to accelerate f-amyloidosis (Eisele et al., 2009), repeated intraperitoneal
inoculations of old transgenic mouse brain extracts led to its acceleration in transgenic mice

producing interestingly a different phenotype with a clustering of AP deposits in the blood
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vessels and neighboring brain parenchyma (Eisele et al., 2010). Contrarily to PrP (Blattler et
al.,, 1997; Mabbott and MacPherson, 2006), Ap-related neuroinvasion did not require
peripheral APP expression (Eisele et al., 2014) but the mechanisms still remain to be

investigated.

4.2.2.2.  Acceleration of B-amyloidosis in spontaneous animal models

Spontaneous animal models are models that develop late B-amyloidosis. They are typically
models in which late AP deposits have been observed in some aged animals of the population.
Several species can spontaneously develop f-amyloid lesions while aging and present with an

AP sequence very similar to humans’ (see 1.9.3).

In one cohort of marmosets (Callithrix jacchus), sparse p-amyloidosis was observed 3.5 to 7
years after intracerebral inoculation with brain homogenates from AD cases or elderly
patients with age-related AP pathology. No deposits were found in animals with inoculation
time less than 2 years or inoculated with samples lacking AP pathology. AP lesion distribution
did not show predilection for any particular region and was not related to the injection sites.
AP deposits were sometimes Congo red or Thioflavin-S positive or associated to dystrophic
neurites. Second passage (using 8 year-old marmosets previously inoculated for 6 years with a
sporadic AD patient brain homogenate) was performed and all animals with incubation times
superior to 3.5 years displayed similar sparse -amyloidosis. No NFTSs, reactive astrocytes or
other inflammation signs were detected and it also has to be noted that marmosets were not
clinically debilitated, although no behavioral testing was undertook (Baker et al., 1993, 1994;
Maclean et al., 2000; Ridley et al., 2006). These results are similar to observations in
suspected cases of iatrogenic B-amyloidosis and further suggest that p-amyloidosis is

transmissible without the development of the full spectrum of AD.

4.2.2.3. Induction of B-amyloidosis in susceptible models

Susceptible models are models that do not spontaneously develop B-amyloidosis in their
lifetime but express AP peptides with an aminoacid sequence analogous to humans’. In these
models, transmission of B-amyloidosis after introduction of A preformed seeds would further

strengthen the seeding mechanism hypothesis.

To our knowledge, only two studies in transgenic mice for the human wild-type APP gene
(HUAPPwt) and in APP21 rats reported such induction after AD brain homogenate
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intracerebral inoculation (Morales et al., 2012; Rosen et al., 2012) (Figure 23). In mice, B-
amyloidosis was associated with GFAP-immunoreactive astrocytes but no Tau pathology was
observed (Morales et al., 2012).

Although very useful to detect “true” exogenous seeding, susceptible models are relatively
resistant to f-amyloidosis. Indeed, a long lag time is required before the development of a
sparse B-amyloidosis. Because of this long lag time and the age-associated attrition, these

models present with limitations for prion-like mechanisms evaluation.
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Figure 23.Progressive p-amyloidosis is induced in AD-inoculated HUAPPwt mice. A.
Immunohistochemistry showing Ap deposits in the hippocampus of AD-inoculated mice but
not in CTRL-inoculated mice at 450 days post-inoculation. B. Percentage of AD-inoculated
HuAPPwt mice exhibiting AP deposits in function of the incubation time. Adapted from
(Morales et al., 2012).

4.2.3. Experimental evidence for B-amyloid seeds

In order to demonstrate that AP is the agent responsible for Ap-laden brain homogenate-

induced seeding, many experiments were performed.

First, several experiments have shown that Ap-free homogenates do not induce ABdeposits
when administered intracerebrally (Hamaguchi et al., 2012; Kane et al., 2000; Meyer-
Luehmann et al., 2006) or intraperitonally (Eisele et al., 2014) in various transgenic mouse
strains. On the contrary, many types of brain homogenates containing AP, including
transgenic mouse, AD, MCI or age-matched non-demented individuals presenting with
diffuse AP deposits (Duran-Aniotz et al., 2013; Kane et al., 2000; Meyer-Luehmann et al.,
2006) as well as brain-derived purified Ap seeds (Stohr et al., 2012) were shown to induce a

time-dependent 3-amyloidosis seeding.
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Purified AP seeds from old transgenic mouse brain homogenates accelerated p-amyloidosis

in transgenic mice (Stohr et al., 2012).

Inactivation studies were also performed to prove that AP is the seeding agent contained in
-amyloidosis afflicted brain homogenates. Various inactivation methods were tested and
protein denaturing treatments, such as formic acid treatment or plasma sterilization of Af-
coated stainless steel wires, completely abolished the seeding (Eisele et al., 2009; Meyer-
Luehmann et al., 2006).

Depletion studies were also initiated to demonstrate the nature of B-amyloidosis seeding
agent. Removal of AP from brain extracts led to an attenuation of f-amyloidosis acceleration
following AD brain homogenates intracerebral inoculation (Duran-Aniotz et al., 2014; Meyer-
Luehmann et al., 2006) and abolished f-amyloidosis acceleration after peripheral inoculation
(Eisele et al., 2014).

Finally, passive or active immunization of transgenic mice prior to inoculation led to an
almost complete inhibition of AP acceleration following Ap-containing brain extract

inoculation (Meyer-Luehmann et al., 2006).

These observations show that AP seeds are required for p-amyloidosis acceleration and
that Ap seeds are present even in the absence of symptomatic AD. This suggests that, even
in non-demented or pre-demented individuals, AB may present with a conformation that is
permissive for seeding. It is however to note that the conformations of AP seeds still remains

largely unknown (Eisele and Duyckaerts, 2016).

These results demonstrated that AP is essential for B-amyloidosis seeding and paved the way
for pure aggregated synthetic Ap experiments. Indeed, like in prion diseases, definite proof
for the proteinaceous nature of the agent responsible for seeding can only be provided using
synthetic AP preparations. Synthetic preparations of monomeric A failed to accelerate B3-
amyloidosis in transgenic mouse models or marmosets although synthetic A concentrations
were 100 to 1000 times that of AP contained in inoculated brain extracts (Meyer-Luehmann et
al., 2006; Ridley et al., 2006). As monomeric AP per se is not responsible for seeding, this
suggested a role for misfolded/aggregated forms. Recently, in vivo AB seeding was obtained
with synthetic preparations of wild-type or mutated APaggregates (Stohr et al., 2014)showing
that misfolded AP peptides are sufficient seeding-competent agents for p-amyloidosis.
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Seeding experiments were more efficient with in vivo generated AP seeds than in vitro Ap
seeds (Eisele and Duyckaerts, 2016) and it has been observed that AD brain-derived in vivo
structures are not easily generated in vitro (Alred et al., 2015). Indeed, injections of aged
preparations of synthetic AP alone or mixed with wild-type brain extract, Ap oligomers
(homodimers, oligomers or globulomers) or Ap complexed either with Cu/Zn or ApoE led to
very limited seeding (Meyer-Luehmann et al., 2006). This observation suggests that either A
seeds present with a specific conformation or a panel of conformations in vivo favoring
seeding, could be linked to the properties of AP seeds in vivo and/or the participation of
cofactors as AB-enhancing agents. For example, it was observed that in vivo AB seeds are
more resistant than in vitro AB seeds, for example to proteinase-K treatment (Langer et al.,
2011; Stohr et al., 2012; Xiao et al., 2015). These results suggests that the occurrence of
various A conformations with partially distinct biological activities. Such conformations
could differentiate, for example, amyloid-positive non-demented individuals and AD patients
(Piccini et al., 2005). Therefore, multimeric AP assemblies in vivo may be polymorphic and

polyfunctional.

4.2.4. Properties of B-amyloid seeds

What are the characteristics of the brain-derived AP seeds? Brain extracts can be separated in
insoluble and soluble fractions by ultracentrifugation to assess the size range of A seeds in
the brain. If most of A is segregated in the pellet fraction (99.9%), the remaining A of the
soluble fraction (0.01%) present with significant seeding activity (30% of pellet seeding
potency). This suggests that soluble AP seeds might be even more potent AP inducer than
insoluble aggregates (Fritschi et al., 2014b; Langer et al., 2011). Also, considerable AP
seeding activity in the pellet was found to be associated to membranes, even in the absence of
detectable AP fibrils (Marzesco et al., 2016). These studies suggest that Ap seeds in the

brain might be very diverse in nature.

Properties that lead to improved seeding ability of AP may also come from their resistance to
various agents. Indeed, like PrP*, AP seeds resistance is remarkable. AP seeds resist to
various treatments although their seeding properties are reduced. Heating reduces, without
totally eliminating, B-amyloidosis acceleration by APP23 brain homogenates inoculation in
APP23 mice (Meyer-Luehmann et al.,, 2006) or AP coated wires (Eisele et al., 2009)
suggesting high persistence of AP seeds although lower than PrP*° seeds (Brown et al., 1990).

Jucker’s team showed that in vivo AP seeds segregated in the pellet fraction are resistant to
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proteinase-K treatment although in vivo soluble AP seeds were largely proteinase-K
sensitive and lost their seeding abilities (Langer et al., 2011). As PrP*® (Brown et al., 1990),
AP seeds partly resist inactivation and structural modification by formaldehyde up to 2 years
of fixation both in vitro and in vivo. Interestingly, diffuse AP staining, classically observed
around amyloid plaques was lost after formaldehyde fixation suggesting that AP species
might be differentially affected and present with different resistance properties (Fritschi et al.,
2014a).

These results show that AP seeds have a remarkable resistance which may contribute to their
persistence in the brain. Indeed, AP seeds can persist up to 6 months in App-null mice and,
accelerate B-amyloidosis after a second passage in young APP23 transgenic mice (Ye et al.,
2015a). These results suggest that AP seeds can persist and retain their seeding properties in

the brain even in the absence of monomeric Af.

4.2.5. Modulation of B-amyloid seeding

Amyloid formation is a multistep process that may be modulated at various stages by factors

that either promote or inhibit AP aggregation.

Role for the incubation time

As demonstrated in amyloids and prions, the kinetics of monomers assembly into fibrils
present two phases, with first a long lag time followed by a rapid increase of the number of
aggregates. Based on this model, the incubation time plays a role in the seeding process.
Experimentally, B-amyloidosis acceleration increases with the incubation time (Hamaguchi
et al., 2012; Meyer-Luehmann et al., 2006). Indeed, in transgenic rodents or marmosets, no
deposits are observed at short incubation times (Baker et al., 1993; Eisele et al., 2009; Kane et
al., 2000; Morales et al., 2012; Stohr et al., 2012). Also, non-transgenic mice do not develop
B-amyloidosis following human AB-containing extract inoculation. These results suggest that
p-amyloidosis development is not simply a reflection of the injected Ap (Kane et al., 2000;
Meyer-Luehmann et al., 2006). In case of intraperitoneal inoculations, the lag time was
increased as compared to intracerebral inoculations (Eisele et al.,, 2014). Finally, in
susceptible models, the number of affected AD-inoculated animals increased with time
(Morales et al., 2012). These results showed that the lag time is a critical parameter to take

into account for AP seeding.
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Role for the host

Acceleration of B-amyloidosis is also dependent on the “host”. For example, the lag time
depends on the transgenic mouse strain both after intracerebral (Meyer-Luehmann et al.,
2006) and intraperitoneal inoculation (Eisele et al., 2014). This effect is presumably in
accordance with the spontaneous lag time of each mouse strain and may rely on the basal
expression of AP (Eisele et al., 2014). These results suggest that the availability of native Ap

peptides in the brain plays a major role in seeding.

On the contrary, aging might not contribute to the seeding effects. As age is the greatest risk
factor for AD, the relationship between aging and seeding was investigated. Using late -
amyloidosis transgenic mice, seeding effectiveness in young and old animals was compared.
While aging, human APP and AP levels in the brain of these mice do not increase and,
following intracerebral inoculation, B-amyloidosis acceleration was similar in young and aged
inoculate mice. This suggests that aging does not provide a more favorable environment
for AP seeding although such an experiment should be replicated in very old animals to

definitely conclude on the effect of aging (Hamaguchi et al., 2012).

Role for local environment

In accordance with theoretical seeding models, it has been suggested that regions with high
availability of soluble AP would be the most effectively seeded regions (Eisele et al., 2014).
For example, using the same brain extracts, seeding in the hippocampus of APP23 mice is
quicker and more robust than in the thalamus, a region expressing lower quantities of the
transgene and in which AP deposition does not occur spontaneously (Eisele et al., 2009).
After seeding, AP deposits can present with various morphology depending on the affected
regions (Ye et al., 2015b) showing that local environment may play a strong role in Af

seeding.

Role for inoculation-induced inflammation

Considering the injection of crude human brain homogenates, immune responses and
inflammation could trigger B-amyloidosis. However, in mouse to mouse experiments, the
antigenicity of the brain homogenates as a factor for -amyloidosis development can be ruled
out (Meyer-Luehmann et al., 2006). Also, Tg(APP23:Gfap-luc) mice inoculated with murine

or human brain homogenates did not show a peak of astrocyte-related inflammation
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immediately following inoculation in AB-laden inoculates as compared to control inoculates
(Stohr et al., 2012; Watts et al., 2014). The possibility that brain injury is responsible for the
acceleration is mitigated by the fact that control inoculation failed to accelerate 3-amyloidosis
(Meyer-Luehmann et al., 2006) whereas intraperitoneal inoculation succeeded (Eisele et al.,
2010, 2014). In these experiments, systemic inflammation was triggered although mouse
brain homogenates were used but -amyloidosis acceleration was only observed in the
presence of AP seeds (Eisele et al., 2010, 2014). Taken altogether, this suggests that Ap
seeds, and not inflammation provoked by brain extracts or intracerebral injection,
triggers p-amyloidosis acceleration. Therefore, immune responses and inflammation are not

to be considered as triggers although they could participate as facilitating cofactors.

Properties of the inoculate modulating f-amyloid seeding

Seed concentration as modulating factor for AP seeding was investigated in both intracerebral
and intraperitoneal experiments (Eisele et al., 2014; Meyer-Luehmann et al., 2006; Morales et
al., 2015). Similarly to infectious agents, titration of AP seeds can be achieved. The more
concentrated the extract, the more potent the acceleration but highly diluted samples
could still accelerate B-amyloidosis even after a million times dilution Indeed, 0.5%
weight/volume (w/v) diluted brain extracts are less potent than when the same extracts were
only diluted at 10%. However, after the same incubation time and despite a 20-fold difference
in concentration, AP load in the 10% group is only 2-fold that of the 0.5% group (Meyer-
Luehmann et al., 2006). Sonication increases AP seeding activity, probably by breakage of
assemblies offering more ends for seeding (Langer et al., 2011). These results suggest that the
concentration of AP seeds is important but not critical for seeding processes and mainly

modulates the extent of AP seeding (Morales et al., 2015).

Role for cofactors and other modulators of B-amyloid seeding

It has been proposed that cofactors may be necessary for AP seeding (Kane et al., 2000; Kim
et al., 2009; Walker et al., 2002). Evidence for and against a role for cofactors is presented

here.

The role of brain environment as a cofactor is controversial. On one hand, synthetic Ap
mixed with wild-type brain extract inoculation did not facilitate seeding (Meyer-Luehmann et
al., 2006). On the other hand, synthetic AP aggregates were reported to acquire some in vivo

seeds properties such as proteinase-K resistance when incubated with an aged non-demented
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individual brain homogenates (Xiao et al., 2015). However, in this study, suspicion that
misfolded AP proteins were present in this aged brain homogenate cannot be excluded as
seeding properties evaluation was not performed. Membrane and proteins in the brain
were suggested as cofactors as AD brain-derived AP fibrils strongly resemble structures
obtained in vitro in the presence of lipid vesicles (Alred et al., 2015). Also, a living cellular
environment was shown to be required for synthetic AB to acquire in vivo seeding properties
(Novotny et al., 2016). This last study strongly suggests that cofactors present in living

cells/tissues may allow synthetic A to acquire in vivo seeding properties.

Various other modulators for AP aggregation have been proposed in the literature (see
McLaurin et al., 2000, for review). For example, metal ions or ApoE were proposed as
cofactors for the polymerization of AP in vivo but results were inconclusive (Meyer-
Luehmann et al., 2006). Also, some post-translational modifications could influence AP
aggregation. For example, the oxidation of methionine-35 residue of AP modifies the
secondary structure of the C-ter hydrophobic region and could potentially impede A
aggregation (Brown et al., 2014). This result suggests that specific cofactors can enhance Ap

deposition in vivo following the administration of monomeric synthetic Ap.

In conclusion, if cofactors are not required for seeding, as synthetic AP seeds can accelerate
B-amyloidosis in vivo (Stohr et al., 2012, 2014), cofactors might facilitate AP seeding in

Vivo.

4.2.6. Evidence for B-amyloid strains

An important characteristic of prions is their abilities to propagate specific misconformations
leading to specific biochemical and pathological properties as well as specific clinical features
(“strains”). The misconformation encodes their properties as would do, for example, the

genetic materials for viruses.

In vitro studies have also been very useful to highlight the concept that ABfibrils can display a
wide range of morphologies. These morphologies are related to different molecular structures
with B-pleated sheet structures (Kodali et al., 2010; Petkova, 2005) and different toxicities in
neuronal cell cultures (Petkova, 2005). Similarly to prions, both fibril morphologies and
molecular structures were shown to self-propagate and their properties were retained across

passages, even when original exogenous seeds were no more present, suggesting a template-
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directed mechanism (Paravastu et al., 2009; Petkova, 2005; Spirig et al., 2014). These results
support the hypothesis of a “strain effect” for Ap seeds.

These strains can lead to different neuropathological changes in vivo with AP deposits
presenting with specific morphology, distribution and composition. AB strains not only
accelerated P-amyloidosis but also imposed a specific histopathological phenotype,
presumably depending on their conformation and, following a second passage, they retained
their biological properties (Stohr et al., 2014). In vivo, AP deposits morphology and pattern
(Kane et al., 2000; Meyer-Luehmann et al., 2006) as well as other characteristics can be
transmitted from one transgenic line to the other suggesting a strain effect (Heilbronner et al.,
2013). These results argue in favor of the existence of AP strains encoded by different

conformations.

Little is known about AP strains in AD patients. One argument for the existence of strains in
humans is the heterogeneity of AD presentation (Mayeux et al., 1985) although the
morphology of AB deposits in humans seem to depend more on their maturation over time
and localization than upon a strain effect (Eisele and Duyckaerts, 2016). Still, different
conformations could account for intra- and inter-individual polymorphic presentation of AD,
both in histopathological and clinical phenotypes (Heilbronner et al.,, 2013). Such a
hypothesis is supported by the demonstration of conformational heterogeneity of APi.a2
between rapidly and slowly evolving sporadic AD. Some conformers may be more
susceptible to fragmentation leading to increased replication and to a more rapid disease
progression (Cohen et al., 2015). This implies that structural variability may account for
different toxicity and propagation rates and could play a role in the polymorphic
presentation of AD.

To determine if AD patients could present with distinct AP strains, experimental transmission
studies using two genetic (Arctic or Swedish mutations) and two sporadic AD cases were
undertaken (Watts et al., 2014). Ap aggregates of the different samples presented with distinct
resistance to denaturation suggesting distinct Ap conformations. Remarkably, only the Arctic
sample induced a strain effect for CAA (Figure 24) but it is to note that parenchymal
phenotype was quite similar to the one induced by other inocula. The APP Arctic mutation
(E693G) is inside the AP sequence (E22G) and results in an atypical cotton wool plagues AD
pathology (Philipson et al., 2012) whereas the APP Swedish mutation (K670M/N671L) is
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outside the AP sequence and results in the overproduction of wild-type AP with a typical AD
pathology (Lannfelt et al., 1994). The authors suggested that the AP residue 22 might be
critical for AP conformation as Arctic (E22G), Dutch (E22Q) and Osaka (E22A) mutations)
lead to specific B-amyloidosis phenotypes in vitro (Spirig et al., 2014). These results suggest
that some AD mutations may lead to specific AP strains whereas others and sporadic cases
may present with similar AP strains. Also, as the transgenic mouse line used in this study
expressed a wild-type AP, the conformation of Ap encodes the strain properties (Watts et
al., 2014).

Inoculum:  Arctic AD Sporadic AD i
)

- Swedish AD None

Figure 24. Specific CAA phenotype induced after Arctic AD brain homogenate
inoculation to transgenic mice. CAA phenotype following Arctic AD patient (A), a sporadic
AD patient (B), a Swedish AD patient (C) brain homogenate inoculation or without
inoculation (D) in the thalamus of Tg(APP23:Gfap-luc) mice. Scale bar: 100um. Adapted
from (Watts et al., 2014).

Some Ap strains might be dominant. In vitro seeding of AB;.49 fibrils derived from multiple
brain regions of two AD brains with distinct clinical history and neuropathology showed that
each patient had developed one predominant fibrillar structure (Alred et al., 2015; Lu et al.,
2013). However, polymorphism is an inherent property of A fibril formation and the authors
suggested that, although multiple strains may coexist, one dominant AP strain might be
selected by the brain’s environment, for example due to increased resistance to brain

clearance mechanisms, and persist (Alred et al., 2015; Lu et al., 2013).
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Further experiments are required to ascertain the existence of AD-related AP strains
and to determine their consequences in term of physiopathology, diagnosis and therapy.

4.2.7. B-amyloid spreading properties

4.2.7.1. B-amyloid spreading in humans

AP seeding properties are critical to initiate a focal deposition in the brain. However, in AD,
AP pathology affects the whole brain. Hypotheses for the development of AB are numerous
and not exclusive. For example, AP deposits could form spontaneously at different sites of the

brain (multifocal hypothesis) or propagate from one structure to another (focal hypothesis).

The term “spreading” or “propagation” suggests that a first locus is involved before, and
usually with more intensity, than a second locus. It also implies that the pathological seeds
travel or are transported from a first site to a second one (Eisele and Duyckaerts, 2016). This
hypothesis is supported by post-mortem and recent PET studies that have shown that, in AD,
the progression of AP deposition in the human cortex follows a stereotypical evolution
(Figure 25, and Thal phases description in 1.4.1) (Sepulcre et al., 2013; Thal et al., 2002a).

Time

Figure 25. Stereotypical progression of Ap pathology in AD. Adapted from (Jucker and
Walker, 2013).

AP spreading in humans could occurs both by diffusion (in the parenchyma or by the blood)
and along or through the neuroanatomical connections. Progression along neuroanatomical
connections has been suggested by several studies and some arguments do not argue in favor
of diffusion mechanisms for AP spreading. For example, the pallidum is spared when the
neighboring putamen is largely affected by B-amyloidosis. However, some examples of non-
involvement of neuroanatomical connections can be found such as the development of

vascular B-amyloidosis (Eisele and Duyckaerts, 2016). Also, in the unique case of an AD
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patient, a piece of the frontal cortex disconnected by a surgical lesion developed AP deposits

in the absence of neuroanatomic connections (Duyckaerts et al., 1997b).

Differential selective vulnerability of some neuronal populations between brain regions could
explain the spatiotemporal progression of pathology (Miller et al., 2013). The concept of
selective vulnerability of specific neuron populations is based on the observation that all
brain regions are not affected by B-amyloidosis at the same time. Indeed, some specific
networks, like the “Default-mode Network”, exhibit prominent amyloid plaque deposition. It
has been suggested that metabolism and neuronal activity, that increases AP production, may
underlie the selective vulnerability (Bero et al., 2011). Both hypotheses could explain -
amyloidosis evolution with the spreading of AP seeds accumulating only in the most

vulnerable regions (Freer et al., 2016).

4.2.7.2. Mechanistic hypotheses for f-amyloid spreading

In animal models, following seeding experiments, time-dependent spreading of AP deposition
from the injected structure to other regions was reported (Hamaguchi et al., 2012; Kane et al.,
2000; Meyer-Luehmann et al., 2006; Stohr et al., 2012; Walker et al., 2002). Mechanisms of
AP spreading are not yet understood but several hypotheses have been proposed (Appendix
7A-B). The formation of AP seeds in various areas of the brain could occur independently
(multifocal hypothesis). However, based on the stereotypical progression of AP lesions and
the stochastic nature of AP seed formation, this random process hypothesis is not likely.
Therefore, AP evolution in the brain should be linked to spreading processes and/or selective

vulnerability of some neuronal populations (Eisele and Duyckaerts, 2016).

Directed diffusion along the neuroanatomic connections

Propagation of AP seeds along anterograde and/or retrograde neuronal connections implies a
specific targeting of the secondary structures. The environment of neuroanatomic connections
could provide with a favorable milieu for AP seeds propagation (Eisele and Duyckaerts,
2016). In some studies, B-amyloidosis was suggested to spread to interconnected regions
following inoculation (Ye et al., 2015b) and lesions of such connections decreased f-
amyloidosis in the anatomically connected structures (George et al., 2014; Rénnbdack et al.,
2012). Taken together, these results suggest a spreading mechanism along
neuroanatomical connections although it remains to be determined whether this spreading
occurs by directed diffusion or neuronal transport (Figure 26).
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Neuron-to-neuron spreading mechanism

Neuronal transport mechanisms may contribute to Ap spreading from the injection site to
connected regions (Eisele et al., 2009; Kane et al., 2000; Walker et al., 2002). This hypothesis
IS supported by the fact that, in vitro, various AP assemblies can be uptaken and
transferred from one cell to another (Brahic et al., 2016; Domert et al., 2014; Hu et al.,
2009). This cell-to-cell transfer precedes cytotoxicity (Brahic et al., 2016; Domert et al.,
2014), providing evidence that seeds could propagate to new brain areas before the
deterioration of the first cells. Also, it seems dependent upon the clearance capacity of the
receiving cells (Domert et al., 2014) suggesting a relationship between neuron-to-neuron
propagation and the selective vulnerability hypotheses. Also, AP seeds may interact with
intracellular membranes as considerable Ap seeding activity was found to be associated to
membranes in vivo (Marzesco et al., 2016) and AB peptides have been found inside exosomes
(Rajendran et al., 2006). Therefore, neuron-to-neuron transmission mechanisms may play

a role in the AP pathology spreading.

This hypothesis should however be moderated by the fact that the brain contains numerous
connection pathways that ultimately connects all the regions. Also, other mechanisms could
be involved with for example transport by microglia and astrocytes as both are able to take up

AP and have been shown to migrate along myelinated fiber tracts (Thal et al., 2015).
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Figure 26. p-amyloidosis may propagate along neuroanatomical connections. A. Time-
dependent spreading of AP lesions following bilateral AB-laden brain homogenate inoculation
into the hippocampus of APP23 mice to connected regions (dpi: day post-inoculation, mpi:
months post-inoculation; A: auditory cortex; Acb: nucleus accumbens; Cg: cingulate cortex;
Ent: entorhinal cortex; Fc: frontal cortex; GrDG: granule cell layer of the dentate gyrus; Hp:
hippocampal formation; 1G: indusium griseum; M: motor cortex; MB: mammillary bodies;
OB: olfactory bulb; PoDG: polymorphic cell layer of the dentate gyrus; RS: retrosplenial
cortex; S: somatosensory cortex; SV: septum verum; Th: thalamus; V: visual cortex). B. AP
deposition at 6mpi. C. Hypothesized spreading pathways following intrahippocampal
inoculation. As the main affected structures belonged to Papez circuit, AP spreading might
occur through or along antero- and retrograde anatomical connections because most of these
structures are bi-directionally directed. In particular, the very strong reciprocal connections
between the hippocampus and the entorhinal cortex further underline this hypothesis (red
arrows: Papez circuit; blue arrows: direct output pathways from the hippocampus). Adapted
from (Ye et al., 2015Db).
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Parenchymal diffusion

If passive diffusion was responsible for AP spreading, the consecutive affected regions would
be contiguous and, as seen with Thal phases, it is not compatible with the evolution of AP
pathology in the human brain. However, the facts that A is secreted into the interstitial fluid,
that amyloid plaques are extracellular, that small and soluble AP seeds are potent inducers of
cerebral B-amyloidosis (Langer et al., 2011) and that AP oligomers can travel quickly and
widely in the brain (Epelbaum et al., 2015) raise the possibility that such seeds may mediate
the spreading of f-amyloidosis throughout the brain by diffusion in the extracellular space.
Indeed, B-amyloidosis can propagate from transgenic mouse brain to embryonic wild-type
neuronal cells grafts and as only few axons cross the border between the host tissue and the
graft, diffusion mechanisms could mediate this spreading (Meyer-Luehmann et al., 2003).
Finally, some brain regions could be more resistant than other to AP seeding. This selective
vulnerability could explain the evolution gradient of affected structures (Eisele and
Duyckaerts, 2016).

Diffusion through the vascular system

Finally, the wvascular system could mediate AP propagation. Indeed, intracerebral
administration of AB-containing brain extracts often induces CAA (Eisele et al., 2009; Kane
et al., 2000; Meyer-Luehmann et al., 2006). Also, centering of AB deposition around blood
vessels has been observed after intraperitoneal inoculation (Eisele et al., 2010, 2014).
Moreover, elimination of AP occurs though the basement membrane of the capillaries and
arteries of the brain serving as lymphatic drainage (Carare et al., 2013). Therefore, it has been
suggested that the vascular system and perivascular fluid drainage channels may
intervene in AP spreading (Eisele et al., 2009) and it has been proposed that parenchymal
and vascular B-amyloidosis might arise from two different spreading mechanisms (Ye et al.,
2015b).

In conclusion, it is likely that multiple mechanisms occur in AP pathology propagation. Taken
together with selective vulnerability, these extra- and intracellular mechanisms could explain
the propagation of AP pathology in the brain. It is noteworthy that the role of neuroanatomical
connections seems to be less important for the spreading of AP pathology than for Tau (see
4.3.6.2). However, non-prion like mechanisms for the spreading of Ap pathology should

also be considered (Appendix 7C). Indeed, neuronal toxicity on one part of the brain may
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lead to a cellular response that could increase the secretion of AP at the synapse. AP
aggregation being dependent on the concentration of monomers, this could lead indirectly to
AP spontaneous seeding at a second locus of the network without requiring prion-like
spreading mechanism. It should also be taken in consideration that Tau pathology may

facilitate the development of AP pathology.

4.2.8. Does B-amyloidosis experimental transmission lead to functional alterations?

Whether the “pathogenic spread” of AD-related proteins causes AD symptom onset remains
uncertain (Walsh and Selkoe, 2016) and very few studies explored the functional impact of 3-
amyloidosis experimental transmission. In one mouse study, long-term spatial memory was
not impacted (Kane et al., 2000) and, in marmoset, no evidence for general cognitive
impairment was described (Baker et al., 1993, 1994).

4.3. Prion-like hypothesis for Tau pathology in Alzheimer’s disease

As Tau pathology was not the central object of this PhD thesis experiment, the presentation of

the prion-like hypothesis of Tau will be brief.

4.3.1. Experimental Tau seeding

In vitro, Tau aggregation follows a nucleation—elongation mechanism associated with
conformational changes (King et al.,, 1999) and seeding using exogenous PHFs seeds
generated in vitro or isolated from AD brains accelerates Tau assembly (von Bergen et al.,
2000; Friedhoff et al., 1998). In cellular models, various Tau assemblies are internalized and
induce seeding by the recruitment (Guo and Lee, 2011; Takahashi et al., 2015),
conformational change and aggregation of monomeric endogenous Tau (Falcon et al., 2015)

through direct protein-protein contact (Kfoury et al., 2012).

As for A, experimental transmission of tauopathy allows to study Tau seeding in animal
models. The first experiment demonstrating the transmission of tauopathy was performed in a
non-aggregation prone transgenic Tau mouse model. Following Tau-laden brain homogenates
intracerebral inoculation, Tau pathology was triggered in the injected regions as well as the
neighboring and distant areas (Clavaguera et al., 2009) (Figure 27). Similar results were
obtained by numerous following experiments showing that intracerebral inoculation of either

AD patients or aged transgenic mouse brain homogenates or extracts accelerate Tau
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pathology in young transgenic mouse models of tauopathy (Ahmed et al., 2014; Boluda et al.,
2015; Clavaguera et al., 2013) as well as in wild-type mice (Clavaguera et al., 2009; Lasagna-
Reeves et al., 2012D).

Interestingly, Tau pathology can also be accelerated by intraperitoneal injection, although less
efficiently than following intracerebral inoculation. No inclusions were found in peripheral
organs and no signs of cerebral or peripheral inflammation were detected (Clavaguera et al.,
2014). Other administration routes and underlying mechanisms of neuroinvasion remain to be
identified.

Taken altogether, these results suggest that seeding is highly plausible mechanism for
NFTs formation in vivo although no evidence currently supports Tau seeding in humans.
Indeed, until now, no exogenous Tau pathology induction following contamination has ever

been suggested in humans.
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Figure 27. Induction of Tau pathology by P301S brain extract inoculation. Abnormal Tau
is triggered in the CAS3 region of 18 months old ALZ17 mice inoculated with P301S brain
extract. Scale bar, 50 um. From (Clavaguera et al., 2009).
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4.3.2. Experimental evidence for Tau seeds

Experiments to prove that Tau seeds are responsible for the seeding properties of brain
homogenates were based on the same paradigms as for AP seeds. Tau induction was only
observed in transgenic mice after administration of Tau-bearing homogenates (Clavaguera
et al., 2009, 2013, 2014) but not with Tau-free homogenates (Ahmed et al., 2014; Clavaguera
et al., 2009). Immunodepletion abrogated Tau pathology acceleration (Clavaguera et al.,
2009). Purification studies of Tau-laden brain homogenates showed that the seeding
competent agent was exclusively related to the insoluble fraction (Clavaguera et al., 2009)
suggesting that misfolded Tau seeds are the seeding agent in brain homogenates. Definite
proof for the proteinaceous nature of the agent responsible for seeding was provided using
synthetic Tau seeds (Clavaguera et al., 2013; Iba et al., 2013; Peeraer et al., 2015). However,
like PrP and AP, brain-derived Tau seeds are more efficient than synthetics seeds (Falcon et
al., 2015).

4.3.3. Properties of Tau seeds

In cellular models and in vivo, Tau-laden brain-derived sarkosyl-insoluble fraction are
enriched in seed-competent Tau as compared to total brain lysate (Clavaguera et al., 2009;
Falcon et al., 2015). In comparison, monomeric as well as sarkosyl-soluble Tau lacking
aggregated Tau species were devoid of seeding activity in vitro (Falcon et al., 2015). This
suggests that Tau seed-competent agents are mostly filamentous. Indeed, shorts fibrils of
more than 10 monomers were shown as being the major seed-competent species both in vitro
and in vivo (Jackson et al., 2016). However, AD-brain derived Tau oligomers can also induce
the formation of silver-positive inclusions in vivo (Hu et al., 2016; Lasagna-Reeves et al.,
2012b). This suggests that Tau seeds are various and range from small oligomers to
fibrils.

4.3.4. Modulation of Tau seeding

As, for AP, several modulators of Tau seeding have been described. Tau seeding intensity is
dependent on the incubation time (Clavaguera et al., 2009; Falcon et al., 2015; Iba et al.,
2013) and the number of seeds as acceleration of Tau aggregation is dose-dependent (Iba et
al., 2013) and is modulated by sonication (Falcon et al., 2015; Meyer et al., 2014). Seeding
seems also to be dependent on the availability of Tau soluble monomers in the host as Tau
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expression level was shown to modulate the lag time (Clavaguera et al., 2014). Inflammation
may modulate Tau seeding (Maphis et al., 2015) but its impact has not yet been thoroughly
investigated. Finally, some evidence argues for a role of hyperphosphorylation in Tau
seeding modulation (Alonso et al., 2001; Falcon et al., 2015) as dephosphorylation of AD-
derived Tau oligomers reduces Tau pathology acceleration in vivo (Hu et al., 2016).
Hyperphosphorylation may also modulate Tau seeding by inducing an amyloidogenic shift of
monomeric Tau conformation (Zhu et al., 2015) and increasing soluble Tau concentration in
the cytosol (Hasegawa, 2016).

4.3.5. Evidence for Tau strains

Like AP and PrP, Tau may be able to form different conformers with “strain” properties
(Wang and Mandelkow, 2016). Indeed, in seeding assays, Tau fibrils present with distinct
secondary structures, properties, and morphologies that are maintained over multiple passages
regardless of the primary structure (Frost et al., 2009). This shows that wild-type Tau is

capable of conformational diversity.

In vivo, Tau seeds can lead to specific Tau aggregates morphology. These different
morphologies are dependent on the origin and etiology of Tau pathology and are maintained
after serial propagation (Clavaguera et al., 2009, 2013). In vitro, synthetic Tau repeat seeds
can indefinitely propagate specific conformations and phenotypes through successive in vitro,
in vivo and in vitro passages (Sanders et al., 2014). This suggests that specific conformations
determine Tau aggregate morphology and properties, an observation reminiscent of prion

strains.

In AD, Tau pathology is clinically more uniform than other tauopathies (Duyckaerts et al.,
2009). One study showed that different types of Tau aggregates exists within one individual
and across different tauopathies (Figure 28). Interestingly, Tau strains isolated from AD
brains were shown to be far more homogeneous than other tauopathies both in and between
individuals. This suggests that, in AD, one Tau strain might be dominant (Sanders et al.,
2014).

In conclusion, different Tau strains may underlie distinct phenotypes and might explain
the phenotypic diversity of tauopathies found between both individuals and pathologies.
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Figure 28. Diversity of brain-derived Tau strains within patients and across diseases. Tau
proteins were purified by immunoprecipitation from 29 cortical samples of patients with AD,
argyrophilic grain disease (AGD), corticobasal degeneration (CBD), Pick’s disease (PiD) and
progressive supranuclear palsy (PSP). Purified Tau was transduced into cells stably
expressing Tau repeat domain fragment and morphological phenotypes (clones) were scored
from (Sanders et al., 2014).

4.3.6. Spreading properties of Tau

4.3.6.1. Tau spreading in humans

Post-mortem and recent imaging studies have shown that Tau pathology propagation
throughout the brain in AD follows a stereotypical pattern (Figure 29, and Braak stages
description in 1.4.2) (Braak et al., 2006; Schéll et al., 2016). Also, in the unique case of an
AD patient, a piece of the frontal cortex had been disconnected by a surgical lesion and did
not develop Tau lesions (Duyckaerts et al., 1997b). This argues for neuron-to-neuron
spreading of Tau pathology.

Taken together, these observations strongly suggest that spreading of Tau through
neuroanatomic connections is a relevant mechanism for Tau pathology evolution in AD.
However, the spreading hypothesis cannot explain every step of the human progression. For
example, the entorhinal cortex is one of the first structures affected in AD and, although it
massively projects on the dentate gyrus through the perforant path, the dentate gyrus is not
affected until the last stage of the pathology.
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Figure 29. Tau pathology propagation in AD. A. Stereotypical progression of Tau
pathology in AD adapted from (Jucker and Walker, 2013). B. Projections of subcortical
structures (locus coeruleus), transentorhinal region, neocortical association and primary and
secondary areas implicated in Tau pathology progression. Interestingly, all cortical regions
that are affected in the progression of AD pathology are tightly connected with reciprocal
connections. On the “return” pathway, connections are more diffuse and synaptic contact
involves all cortical layers with the exception of layer IV that is usually devoid of Tau
pathology in AD patients. C. Progression of Tau pathology in AD. Color-coded boxes
indicates subcortical pretangle stages (dark red), temporal mesocortical NFT stages I-11 (dark
pink), neocortical association NFT stages IllI-1V (pink), and neocortical secondary and
primary NFT stages V-VI (light pink). Adapted from (Braak and Del Tredici, 2011).

As for AP, additional parameters should be taken into account such as the “selective
vulnerability” hypothesis (Braak et al., 2000). Very recently, it has been proposed that both
hypotheses could participate in AD evolution with the spreading seeds affecting only the most
vulnerable regions. Indeed, each region’s vulnerability to AD pathology could be explained

by its capacity to counteract protein aggregate accumulation. In healthy individuals, Braak
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stages were superimposed with genome-wide transcriptome data from 500 cerebral regions.
Vulnerability to AD (Braak staging) was found to correlate with aggregation-promoting genes
expression (including APP and Tau) as well as with genes associated with inflammation

expression (Freer et al., 2016).

4.3.6.2. Mechanistic hypotheses for Tau spreading

In animal models, following seeding experiments, time-dependent spreading of Tau pathology
was reported to regions connected to the injection sites (Ahmed et al., 2014; Clavaguera et al.,
2009, 2013, Iba et al., 2013, 2015; Peeraer et al., 2015; Sanders et al., 2014) and spreading
along neural networks has been suggested in virus-based or transgenic models (de Calignon et
al., 2012; Dujardin et al., 2014a; Liu et al., 2012). Surprisingly, in vivo, endogenous Tau is
not required for Tau propagation that seems to rely on strong inter-neuronal transmission
of Tau (Wegmann et al., 2015). Taken together, these observations provide evidence that Tau
can propagate along neuroanatomic connections, depending on synaptic connectivity

rather than spatial proximity.

However, Tau is a cytosolic protein lacking a signal peptide for the secretory pathway
(Clavaguera et al., 2015). Therefore, Tau secretion could occur through unconventional
pathways such as ectosomes (Mohamed et al., 2013) or exosomes (Dujardin et al., 2014b)
independent from neuronal death (Karch et al., 2012; Saman et al., 2012). Tau uptake could
occur by macropinocytosis or endocytosis (Guo and Lee, 2011; Holmes et al., 2013; Mirbaha
et al., 2015) and recently, APP was proposed as a receptor for abnormal Tau fibrils
(Takahashi et al., 2015). Internalization is dependent on the size of the assemblies (Wu et al.,
2013) and Tau trimers were suggested as the minimal unit for Tau propagation (Mirbaha et
al., 2015). Other mechanisms such as transfer through nanotubes connecting neurons or

passive release by membrane disruption have been proposed (Walsh and Selkoe, 2016).

Tau spreading may be modulated by different factors such as Tau propensity to aggregate
(Dujardin et al., 2014a), phosphorylation state (Dujardin et al., 2014a; Hu et al., 2016) and
neuronal activity (Wu et al., 2016; Yamada et al., 2011, 2014).

Altogether, these results strongly suggest a spatio-temporal spreading of Tau through
neuronal networks. Based on both human and experimental observations, a mechanism based

on neuron-to-neuron transmission is plausible for Tau spreading. Spreading mechanisms
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remain to be fully investigated. Indeed, identifying Tau assemblies responsible for Tau
spreading and propagation modulators could open both diagnostic and therapeutic
perspectives.

4.3.7. Does Tau experimental transmission lead to functional alterations?

Experimental transmission of Tau led to inconsistent toxicity (Boluda et al., 2015;
Clavaguera et al., 2009, 2013; Iba et al., 2015; Peeraer et al., 2015). Only one experiment
studied functional outcomes in vivo. Inoculation of preformed synthetic Tau fibrils into the
entorhinal cortex of Tau transgenic mice accelerated synaptic plasticity impairments and
cognitive deficits in the object recognition test whereas inoculation in the basal ganglia
accelerated motor deficits. The authors suggested that oligomeric forms of Tau may be

responsible for the observed deficits rather than NFTs (Stancu et al., 2015).

To conclude, A and Tau seeds present with properties similar to PrP seeds except for
infectivity (Table 1). Indeed, the greatest discrepancy between PrP and AD-related seeds
IS the fact that, until now, transmission of an AD clinical phenotype by the inoculation of

misfolded proteins has not yet been demonstrated in animals or humans.
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PrP Ap Tau

Structure

p-sheet enriched conformation + + +

Aggregation + + +

Amyloid characteristics + + +

Strain phenomenon + + +
Seeding proprieties

Acceleration + + +

De novo induction + + +

Purified and synthetic seeds + + +
Resistance and persistence

Resistance to proteinase K digestion + + +

Resistance to high temperatures + + +

Resistance to formaldehyde fixation + + +

Persistence in brain tissues without replication + + +
Spreading

Within the brain + + +

To the brain + + +
Infectivity

Transmission of a clinical phenotype + - +

Transmissibility to humans + * -
* suspicion

Table 1. Properties of PrP, Ap and Tau seeds. Adapted from (Walker et al., 2016).
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AD is characterized by a long clinically silent period of intracerebral protein aggregation that

precedes dementia by decades. Since the discovery that prion diseases can be transmitted by

afflicted brain tissue inoculation, AD has been speculated to also harbor transmissible agents.
Growing evidence suggests that prion-like mechanisms might play a role in AD

physiopathology.

There is no evidence that AD is transmissible to humans and current knowledge favor
endogenous generation of AP and Tau seeds in the brain. Indeed, prion-like mechanisms for
AP and Tau pathologies provide compelling evidence for the role of seeds in the instigation
and progression of AD and reinforces the interest of targeting proteopathic seeds preferably

early in the pathology.

Fully developed AD pathology has not yet been induced in animal models. Until now, very
few studies evaluated the impact of AD experimental transmission on brain functions. Also,
most models mimic separately AB or Tau pathologies. The development of experimental

models is still needed in order to provide a better understanding of AP and Tau synergy in

AD. Such models might help proposing a more accurate modeling of AD pathogenesis and

understanding AP and Tau separate and synergistic contributions to AD symptoms.

In conclusion, the study of the “prion-like hypothesis of AD” offers interesting mechanistic
and therapeutic options for AD. Several questions still need to be answered such as
understanding what triggers the first seed formation, characterizing propagation mechanisms,
identifying the more detrimental species, and how to counteract them. Answering to these

questions will allow making progress toward effective therapeutic strategies for AD.
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Objectives

Nowadays, growing evidence suggests that prion-like mechanisms play a part in the
instigation and progression of AD. Indeed, misfolded AP and Tau protein assemblies in AD
have been shown to present with prion-like properties (Soto, 2003). Experimental
transmission is a useful tool to evaluate prion-like mechanisms of B-amyloidosis and
tauopathy and their impacts in animal models. It requires the inoculation of proteopathic seeds
obtained in vitro or from pathologic brains homogenization. Here we evaluated experimental

transmission of AD endophenotypes to mice and mouse lemur primates.

Our first objective was to assess the transmission of f-amyloidosis to mouse models of early
widespread or late focal B-amyloidosis (Chapter V — Experimental transmission of [-
amyloidosis to mice). We used human AD brain homogenates intracerebral inoculation as a
mean to introduce AP seeds into the brain of young animals. We evaluated their seeding and
spreading properties as well as the impact of the host and local environment on f-amyloidosis

seeding modulation.

Our second objective was to describe the physiological and pathological aging processes of
mouse lemurs (Chapter VI — Mouse lemur model characterization). Some aged animals have
been reported to develop spontaneously some of AD endophenotypes while aging such
cerebral atrophy, amyloid plagques or cognitive alterations. Here, we aimed to characterize the
physiological age-related cerebral atrophy and AD-like lesions in mouse lemurs. These
studies also provided the opportunity to develop new cognitive testing, MRI processing and

immunohistochemical protocols in order to prepare our last study.

Finally, our third objective was to evaluate the impacts of experimental transmission of AD
on functional, morphological and histopathological endophenotypes in mouse lemur primates
(Chapter VIl — Experimental transmission of Alzheimer’s disease endophenotypes to
primates). Until now, very few studies evaluated if AD experimental transmission could lead
to a clinical phenotype and it has been proposed that, if AP and Tau pathologies may be
transmissible, AD clinical signs may not. We evaluated whether human AD brain homogenate
intracerebral inoculation induced cognitive impairments and other brain disruptions such as
cerebral atrophy and alterations of neuronal activity in primates as well as AD

neuropathological lesions.
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In conclusion, we aimed to complement recent evidence regarding the relevance of prion-like
hypothesis for AD. Also, if AR and Tau species responsible for B-amyloidosis and tauopathy

may be transmissible, no argument supports the transmission of AD clinical phenotype. Here,
we intended to investigate this crucial question. Finally, preclinical research is primordial to
decipher pathologic mechanisms. As animals do not develop AD, developing more

translational models may be beneficial for a better understanding of AD physiopathology.
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Chapter V — Experimental transmission of f-amyloidosis to mice

5.1. Introduction

In the literature, AD-related misfolded AP and Tau protein assemblies have been shown to
present with prion-like properties. If the prion-like seeding and spreading hypothesis is
correct, AD B-amyloidosis and Tau pathology should be experimentally transmissible. Indeed,
in case of exogenous addition of preformed AP and Tau seeds, the nucleation-dependent

polymerization process should be triggered (Soto, 2003).

Experimental transmission can be used for exogenous induction of B-amyloidosis and Tau
pathology. It requires the inoculation of proteopathic seeds obtained in vitro or from
pathologic brain sample homogenization. In particular, intracerebral inoculation of AD brain
homogenates lead to B-amyloidosis acceleration in symptomatic (Duran-Aniotz et al., 2013;
Kane et al., 2000; Meyer-Luehmann et al., 2006) or non-symptomatic (Morales et al., 2012)

transgenic mouse models of B-amyloidosis.

Here we aimed to evaluate the impacts of experimental transmission on B-amyloidosis in two
different murine models presenting with early, strong and widespread B-amyloidosis
(APPswePS1agg) or late, sparse and focal B-amyloidosis (AAV-APPsweronPS1miger). We
studied seeding and spreading effects following human AD brain homogenate intracerebral

inoculation in these models and evaluated the influence of the host.

5.2. Materials and methods

5.2.1. Human samples

Frozen brain tissue samples (parietal cortex) from two AD patients (Braak stage VI, Thal
stages 5 and 4, respectively) and from one age-matched control individual (Braak and Thal
stages 0) were obtained from brains collected in a Brain Donation Program of the Brain Bank
"GIE NeuroCEB" run by a consortium of Patients Associations: ARSEP (association for
research on multiple sclerosis), CSC (cerebellar ataxias), France Alzheimer and France
Parkinson, with the support of Fondation Plan Alzheimer and IHU A-ICM. The consents were
signed by the patients themselves or their next of kin in their name, in accordance with the
French Bioethical Laws. The Brain Bank GIE NeuroCEB has been declared at the Ministry of
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Higher Education and Research and has received approval to distribute samples (agreement
AC-2007-5).

5.2.1.1. Immunohistopathological characterization of the human samples

Immunostaining was performed on 4-um-thick paraffin sections. Sections were de-
paraffinized in xylene, rehydrated through ethanol (100%, 90%, and 70%) and finally brought
to running tap water for 10 min. They were then incubated in 99% formic acid for 5 min,
washed again under running tap water, quenched for endogenous peroxidase with 3%
hydrogen peroxide and 20% methanol, and finally washed in water. Sections were then
blocked by incubating the sections for 30 min in 4% bovine serum albumin (BSA) in 0.05M
Tris Buffered Saline, with 0.05% Tween 20, pH=8 (TBS-Tween) (Sigma Aldrich, MO, USA).
Then they were incubated overnight at +4°C with the 6F3D anti-Ap antibody (Dako,
Glostrup, Denmark) or polyclonal anti-tau antibody (Dako, Glostrup, Denmark), routinely
used for the detection of amyloid deposits and tau accumulation. The sections were further
incubated with a biotinylated secondary antibody (25 min). The presence of the secondary
antibody was revealed by streptavidin—horseradish peroxidase conjugate using
diaminobenzidine as chromogen (Dako, Glostrup, Denmark). The sections were

counterstained with Harris haematoxylin.

5.2.1.2. Homogenate preparation

Parietal cortex samples were individually homogenized at 20% (weight/volume) in sterile
Dulbecco's phosphate-buffered saline PBS (Gibco, ThermoFisher Scientific, France) in a
Ribolyser sample homogenizer (Hybaid, ThermoFisher Scientific, France). Brain

homogenates were aliquoted in polypropylene tubes and stored at -80°C until use.

5.2.1.3. Biochemical characterization of the homogenates

Brain homogenates were further characterized by biochemistry.

ELISA immunoquantification of B-amyloid peptides

Brains homogenates were diluted in 6.8M guanidine; 68mM TrisHCI to obtain a 5M
guanidine final concentration with protease inhibitor (Complete Mini, Sigma Aldrich, MO,

USA) and vortexed for 3 hours at room temperature. AP immunoquantification was
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performed with human APi.4; and APi.4 (Invitrogen, Carlsbad, CA, USA) ELISA Kits

according to the manufacturer recommendations.

Tau characterization

Brain homogenates were sonicated on ice for 5 minutes, centrifuged for 5min at 3000g at 4°C,
diluted in Tris 20mM/SDS 2% and sonicated on ice for 5 minutes. Samples were normalized
to 1pg/uL, diluted in 2X LDS buffer with reducers and heated at 100°C for 10 minutes. 10ug
of samples were loaded on Criterion gels (Biorad, Hercules, CA, USA) and migrated on
MOPS buffer during 90 minutes at 165V on ice. After membrane transfer, pS396 (Life
technologies, Carlsbad, CA, USA) or Tau C-ter (Papegaey et al., 2016) antibodies were
incubated overnight at +4°C. Secondary anti-rabbit antibody (reference 23817-2, Biovalley,
Nanterre, France) was then applied for 45 minutes at ambient temperature before ECL

revelation.

5.2.2. Ethic statement and breeding conditions

All animal experiments were conducted in accordance with the European Communities
Council Directive (2010/63/UE). Animal care was in accordance with institutional guidelines
and experimental procedures were approved by local ethic committees (authorizations 12-
089; ethic committee CETEA-CEA DSV IdF).

Mice were born and bred in our facilities (Commissariat a 1’Energie Atomique, centre de
Fontenay-aux-roses; European Institutions Agreement #B92-032-02). Conditions of captivity
were maintained under constant temperature of 22°C and circadian cycle (12h of light/12h of
dark). Animals were housed in group (5mice/cage) inside ventilated cages with nesting
enrichment. Animals had free access to food and tap water. Housing conditions were in
accordance with annex 111 of 2010/63/EU directive. None of the animals has been previously
involved in pharmacological trials or invasive studies. General examination was performed
every day and weight was monitored once a month. Critical ethic limit points were defined as
one or more of the following observations: important weight loss (>20%), suffering signs,

prostration signs or general state degradation approved by the local veterinary.
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5.2.3. Mouse models of B-amyloidosis

52.3.1.  APPguPS1co model

These transgenic mice were produced by co-injecting two vectors. The first encoded a
chimeric mouse/human mutant APP that was “humanized” by modifying three amino acids
and bearing the Swedish double mutation K670M/N671L and the second encoded a human
presenilin-1 (PS1) lacking exon 9 (AE9). Both genes were directed to the central nervous
system with the murine prion protein promoter (Jankowsky et al., 2004). Mice were kept on a

C57BI/6 J background and bred in our facility as heterozygous.

In the literature, APPswePS1Agg mice are described to develop AP deposits by six months of
age, with abundant plaques in the hippocampus and cortex by nine months (Jankowsky et al.,
2004) that continue to increase up to 12 months of age (Garcia-Alloza et al., 2006) without
tangle development. In our colony, APPsw.PS1se9 mice start to develop parenchymal and

vascular amyloidosis as soon as 3 months of age.

5.2.3.2. AAV-APP/PS1 model

Contrary to transgenic models, Adeno-associated virus (AAV)-based gene transfer allows
avoiding transgene expression in utero and during youth. Here, we used an AAV-based
mouse model of AD developed by Nathalie Cartier’s team (Audrain et al., 2016). As a means
to mimic in vivo APP processing, this model uses two AAV-based gene transfer of human
mutant APP bearing the double Swedish K670M/N671L and London mutations and
presenilin 1 (PS1) bearing the M146L mutation. AAV-APP and AAV-PS1 were co-injected
in the hippocampus to 8 weeks old C57BI/6 J mice (AAV-APP/PS1). This strategy allows the
expression of mutated human APP and PS1 without significant overexpression. At 4 weeks
post-injection, human APP, Ap and PS1 are expressed in the hippocampus of wild-type mice.
At 12 weeks post-injection, mutated human APP expression and APi.42/1-40 ratio is similar to

sporadic AD patients’ hippocampal tissues (Audrain et al., 2016).

This model allowed to evaluate B-amyloidosis acceleration in a wild-type mouse model
expressing focally mutated human APP and PS1 (Audrain et al., 2016). Its particular interest
is that, contrarily to APPswePS1Agg, it presents with a restricted human AP expression at

physiological levels in the injected brain region only (dorsal hippocampus).

126



Chapter V — Experimental transmission of -amyloidosis to mice

5.2.4. Experimental designs

524.1. APPsePS1,g9 experiment

At 8 weeks of age, mice received 10% w/v brain homogenates from a control individual
(CTRL-inoculated group) that was age-matched to two AD patients (AD1- or AD2-inoculated
group) or PBS (Figure 30). We evaluated 3 time-points: 4, 8 and 16 weeks post-inoculation
(wpi). At 4 and 8wpi, only CTRL and AD homogenates were inoculated for the evaluation of
callosal B-amyloidosis.

Inoculation
4 wpi
8 weeks old
APPg,,o/PS1 e 8 wpi
16 wpi

Figure 30. Design of the APPs,.PS1seq €Xperiment. wpi: weeks post-inoculation.

5.2.4.2. AAV-APP/PS1 experiment

Two studies were performed (Figure 31). We first characterized our AAV-based model at a
long time-point (80 wpi) as no f-amyloidosis was observed at 4 and 12 weeks post-injection
(Audrain et al., 2016). For the time-point at 80 weeks post-injection, two groups AAV-
APP+AAV-PS1 (AAV-APPPS1) and AAV-PS1 (as a control virus) were investigated
(Figure 31A). Then, we investigated the impact of human brain homogenate inoculation in
this model using the same human homogenates as for the APPs.PS1xeq experiment (Figure
31B). At 8 weeks of age, mice received viral preparation injections of AAV-APP and AAV-
PS1. At 12 weeks of age, 10% wi/v brain homogenates from control individual (CTRL-
inoculated group), two AD patients (AD-inoculated group) or PBS were inoculated at the
same coordinates. We evaluated 2 time-points (8 and 48 wpi). Four groups were investigated:
1. AAV-APPsyeLont AAV-PS1yis6. + PBS: AAV-APP/PS1 + PBS

2. AAV-APPspeLon + AAV-PS1mi46. + CTRL homogenate: AAV-APP/PS1 + CTRL

3. AAV-APPsyeLon + AAV-PS1mis6. + AD1 homogenate: AAV-APP/PS1 + AD1

4. AAV-APPsyeLon + AAV-PS1mi46. + AD2 homogenate: AAV-APP/PS1 + AD2.
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A
Gene transfer
8 week-old |
C57BL/6 | —— > 80 weeks
mice
AAV10 mediated transfer
huAPPg e/ op and huPS1yyue or huPS1yy 4,
B Gene transfer Inoculation
8 weeks
8 week-old
C57BL/6
mice
48 weeks
AAV10 mediated transfer of Inoculation with PBS, CTRL or AD
huAPPgyeron and huPS1y 60 human brain homogenates

Figure 31. Design of the AAV-APP/PS1 experiment. A. Evaluation of B-amyloidosis
development in AAV-APP/PS1 mice. B. Evaluation of p-amyloidosis experimental
transmission in AAV-APP/PS1 mice. AAV10: Adeno-Associated Virus serotype 10; CTRL:
aged control individual; AD: AD patient.

5.2.5. Viral vector production

To generate the vector, human double-mutant APP751 cDNA with Swedish and London
mutations, and human mutated PS1 cDNA containing the M146L mutation (GeneArt, Life
Technologies, Saint Aubin, France) were cloned in an AAV2 plasmid with the CAG
promoter. AAV2-CAG-APPsyeron OF AAV-CAG-PS1yie Vectors were produced using an
AAYV packaging plasmid containing the rep gene of AAV2 and the cap gene of AAVrhl0
(Audrain et al., 2016).

5.2.6. Stereotaxic injections

Brain homogenates, PBS (Gibco, ThermoFisher Scientific, Waltham, MA, USA) and/or viral
preparations (5.10%vg/site for AAV-PS1 and 10°vg/site for AAV-APP vector) were injected
bilaterally in the dorsal hippocampus (AP-2mm, DV-2mm, L+/-1mm, Figure 32) of 8 week-
old female APPsyPS1lies and male wild-type C57BL/6 mice by stereotaxic surgery.
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Anesthesia was obtained by intraperitoneal injection of 0.1mL/10g of a mixture of ketamine
(Imalgene® 1000, Merial, Lyon, France) and xylazine (Rompun® 2%, Bayer Healthcare,
Leverkusen, Germany). Animals were then placed in a stereotaxic frame (Phymep, Paris,
France). Local analgesia was performed by subcutaneous injection of lidocaine/bupivacaine
before incision. For APPs,PS1ae9 mice, burr holes were drilled in the appropriate location
and bilateral injections of 2pL with 26-gauge needle for the brain homogenates and PBS. For
AAYV mice, burr holes were drilled in the appropriate location and bilateral injections of 2uL
34-gauge needle for the viral injections were performed in the dorsal hippocampus and, 4
weeks later, with 26-gauge needle for the brain homogenates and PBS. The injection speed
was luL/min for the homogenates and PBS and 0.2pL/min for viral preparations. Needles
were kept in place for an additional 2 minutes before they were slowly moved into the
subjacent parietal cortex where needles were kept in place for an additional 5 minutes before
being slowly removed. Respiration rate was monitored during the whole experiment and body
temperature was maintained at 37+0.5°C with a heating blanket during surgery. The surgical
area was cleaned (Vetedine®, Vetoquinol, Lure, France), the incision was sutured and

subcutaneous injection of a solution of 0.9% NaCl was performed to favor rehydration.

Figure 32. Sites for bilateral injections in the dorsal CA1 for homogenates, PBS and
AAVs. From (Paxinos and Franklin, 2004)

Animals were placed in an incubator (temperature 25°C) and monitored until recovery from
anesthesia. Paracetamol syrup solution (Doliprane®, Sanofi, Paris, France) was added to
drinking water (1,45mL/20mL tap water) and jellified water placed in the housing cage to

favor rehydration after surgery.
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5.2.7. Histology and quantifications

Mice were euthanized with an overdose of sodium pentobarbital (100 mg/kg
intraperitoneally) and perfused intracardiacally with 4% paraformaldehyde in PBS. After
overnight post-fixation with 4% paraformaldehyde in PBS, brains were cryoprotected using
overnight 15% and 30% sucrose solutions. 40um-thick coronal brain sections were cut on a
microtome (SM2400, Leica Microsytem, Wetzlar, Germany) and free-floating histological
serial sections were preserved in a storage solution (glycerol 30%, ethylene glycol 30%,
distilled water 30% and phosphate buffer 10%) until use.

APPsePS1AegeXperiment

Serial brain sections were used for B-amyloid immunohistochemistry. Free-floating sections
were rinsed in PBS 0.1M and then incubated with hydrogen peroxide 0.3% for 20min.
Pretreatment with PBS-Triton 0.5% (Triton X-100, Sigma Aldrich, MO, USA ) and 4.5% of
normal goat serum (Sigma Aldrich, Saint-Louis, MO, USA) blocking was performed before a
2-day incubation at +4°C with Bam10 antibody (Sigma Aldrich, MO, USA 1/10 000).
Secondary biotinylated anti-mouse antibodies (Vector Laboratories, Burlingame, CA, USA)
were incubated before revelation. Negative controls were performed for each group by the
omission of the primary or secondary antibody. ABC Vectastain kit (Vector Laboratories,
Burlingame, CA, USA) was used to amplify DAB revelation (DAB SK4100 kit, Vector
Laboratories, Burlingame, CA, USA).

Stained sections were blindly analyzed. Images were acquired on AXxio scan.Z1l (Zeiss,
Oberkochen, Germany) at 10x magnification. Analysis was performed on ImageJ software.
For B-amyloidosis analysis, region of interest for each structure (CA1, subiculum, entorhinal
cortex, corpus callosum, retrosplenial cortex) were manually defined and analysis was
performed bilaterally on three consecutive slices. All selected sections represented the same
levels along the anteroposterior axis. Parenchymal B-amyloidosis (measured as amyloid load,
amyloid plague number/mm? and amyloid plaque mean size) was evaluated after threshold
application and manual exclusion of stained vessels. Vascular f-amyloidosis was measured

manually as the number of Bam10-immunoreactive vessels/mm?.

For neuroinflammation evaluation, immunofluorescence was performed. Free-floating
sections were rinsed in PBS 0.1M and then pretreated with PBS-Triton 0.2% and normal goat

serum (Sigma Aldrich, Saint-Louis, MO, USA). Sections were incubated overnight with
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Bam10 antibody (Sigma Aldrich, MO, USA 1/10 000). After washing, they were incubated
with anti-mouse IgG-FITC (Life Technologies, Carlsbad, CA, USA, 1/500) for one hour and
washed. They were then incubated with Iba-1 (Wako, Neuss, Germany, 1/500) or GFAP-
Streptavidin Cy3 (Sigma Aldrich, Saint-Louis, MO, USA, 1/500) antibodies overnight. Ibal
sections were finally incubated with anti-rabbit IgG-Streptavidin Cy3 (Sigma Aldrich, Saint-
Louis, MO, USA, 1/1000). Negative controls were performed for each group by the omission
of the primary or secondary antibody. Finally, after washing, 4’,6-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA, USA) aqueous medium was used to stain nuclei.
Sections were mounted in Fluoromount (Sigma Aldrich, Saint-Louis, MO, USA), sealed, and
dried overnight at +4°C. Every section was observed and representative photographs were
taken with a Leica fluorescence microscope.

AAV-APP/PS1 experiment

Free-floating sections were rinsed in PBS 0.1M and then incubated with hydrogen peroxide
0.3% for 20min. Pretreatment with PBS-Triton 0.5% (Triton X-100, Sigma Aldrich, MO,
USA ) and 4.5% of normal goat serum (Sigma Aldrich, Saint-Louis, MO, USA) blocking was
performed before a 2-day incubation at +4°C with 4G8 (Covance, Princeton, NJ, USA 1/500)
or APi40 or ABi42 (Life Technologies, Carlsbad, CA, USA, 1/1000) antibodies. Secondary
biotinylated anti-rabbit antibodies (Vector Laboratories, Burlingame, CA, USA) were
incubated before revelation for AB1.40 or AP;-42 Staining. Negative controls were performed for
each group by the omission of the primary or secondary antibody. ABC Vectastain kit (\Vector
Laboratories, Burlingame, CA, USA) was used to amplify DAB revelation (DAB SK4100 kit,
Vector Laboratories, Burlingame, CA, USA). Stained sections were blindly analyzed.

5.2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism software (San Diego, CA, USA).
Data are expressed as means + standard error of the mean (SEM). Normality of the data was
assessed by Shapiro-Wilk’s test. For APPsyPS1Ag9 experiments, Mann-Whitney U tests were
used to compare between groups and Kruskal-Wallis tests with Dunn's multiple comparison
tests were used to compare between groups and post-inoculation times. At 8wpi, no
differences were seen between AD1 and AD2 groups and mice were pooled as one AD group.
At 16wpi, experimental groups comprised non-inoculated, PBS, CTRL, AD1 and AD2. As no

differences were found between non-inoculated, PBS and CTRL-inoculated mice, these three
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groups were regrouped as one CTRL group. Similarly, no differences were found between
AD1- and AD2-inoculated mice and these mice were pooled as one AD group. Spearman's
test was used for correlations. For AAV experiments, Chi 2 test was performed to evaluate the
differences in percentage of AP-positive animals between groups. As no differences were

found between AD1- and AD2-inoculated mice and these mice were pooled as one AD group.
5.3. Results

5.3.1. Human sample characterization

Post-mortem staging and immunohistopathological characterization was performed by

Charles Duyckaerts’ team.

Braak stages and Thal phases of our three donors were determined. The control individual
(CTRL), aged 69 year-old, was determined as Braak stage O and Thal phase 0. The first AD
patient (AD1), aged 76 year-old, was evaluated as Braak stage VI and Thal phase 5. The
second AD patient (AD2), aged 83 year-old, was assessed as Braak stage VI and Thal phase
4. Assessment of the CERAD neuritic score was not performed however, as both AD patients
presented with Braak stage VI and Thal phases 4 or 5, they met the NIAAA criteria for
“Intermediate” or “High” AD neuropathologic changes whereas the control individual did not

meet the criteria (Table 2).

Patient Braak Thal Associated Age (years) Post-mortem
stage stage pathology delay (hours)

CTRL 0 0 None 69 6

AD 1 VI 5 CAA 76 10

AD?2 VI 4 None 83 21

Table 2. Anatomopathological examination of human samples and associated
informations. CAA: cerebral amyloid angiopathy.

Parietal cortex samples from these individuals were used to prepare the homogenates for this
study. Immunohistochemistry was performed in order to evaluate the extent and the
morphology of AP and Tau lesions in these samples (Figure 33). The CTRL individual did

not present with any AP or Tau lesions. AD patients were positive for both pathologies and
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some morphological differences were observed between AD1 (CAA-positive) and AD2

(extensive diffuse AP deposition in the parenchyma).

B-amyloidosis

Tauopathy

Figure 33. Immunohistopathological characterization of the human samples.
Immunohistological AP staining revealed amyloid plaques (black arrows) in the two AD
samples but not in the CTRL individual. Arrow heads correspond to CAA that was only
detected in AD1. Extracellular diffuse AP deposits (apparent brown background) were
detected in AD2 but not in AD1 or CTRL. Immunohistological Tau staining revealed NFTs
(white arrows) in the two AD samples but not in the CTRL sample. Intensive neuropil threads
(apparent brown background) and dystrophic neurites were only detected in AD patients.
Scale bar indicates 50um.

5.3.2. Biochemical characterization of the human homogenates

Characterization of B-amyloid peptides levels

ELISA immunoquantification was performed to measure AP peptide levels in the three
homogenates (Figure 34A-B). AP levels in the CTRL individual were always below the
detection threshold. Both AD1 and AD2 presented with similar high AB;.4, levels (Figure
34A). However, ADI exhibited very high level of ABi.40 as compared to AD2 (Figure 34B).
This observation is coherent with the observation of CAA only in the AD1 patient as AB1-49 iS

known as being the main AP peptide accumulating in blood vessels (Guntert et al., 2006).
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Characterization of pathological Tau

Presence or absence of pathological Tau in the homogenates was assessed by Western-blots
analysis (Figure 34C-D). Using an anti-C-ter Tau antibody, we observed the typical AD shift
in apparent molecular weights of Tau triplet in the AD patients but not in the CTRL
individual (Figure 34C). Such Tau triplet display and shift is characteristic of Type |
tauopathies that include AD and has been suggested to result from Tau hyperphosphorylation
(Sergeant et al., 2005). To further evaluate the phosphorylation state of Tau in our
homogenates, we used an anti-phosphoserine396 (pS396) Tau antibody (Figure 34D). Serine
396 is a physiological site for Tau phosphorylation that is hyperphosphorylated in AD (Martin
et al., 2011). It revealed the presence of hyperphosphorylated Tau in both AD patients but not
in the CTRL individual. These results showed that AD brain homogenates bore the
biochemical signature of AD pathological Tau, thus confirming its presence in AD

homogenates and its absence in CTRL homogenate.
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Figure 34. Biochemical characterization of the human brain homogenates. A-B. AP
peptide levels in the three homogenates determined by ELISA. A. ABi-42. B. AP1.40. C-D.
Identification of pathological Tau in CTRL and AD patient homogenates by Western-blot. A.
Total Tau is revealed by anti-C-terminal Tau antibody. B. Phosphorylated Tau is detected by
anti-phosphoSerine396 (pS396) Tau antibody.

5.3.3. Acceleration of B-amyloidosis in APPsywePS1eq mice

First, we used APPsycPS1 g9 mice as an early and quickly evolving model of B-amyloidosis.
APPg,PS1se0 Were inoculated in the CAL region of the hippocampus at 8 weeks of age.
Parenchymal and vascular B-amyloidosis were quantified at 8 and 16wpi in the inoculated
(CA1) and connected structures (retrosplenial cortex (RS), subiculum (S) and entorhinal
cortex (EC), Figure 35) as well as in the corpus callosum.
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Figure 35. Connected regions of the CA1l. Dotted blue rectangle indicates regions spatially
close. Dark arrows indicate connections. DG: dentate gyrus, S: subiculum, EC: entorhinal
cortex, RS: retrosplenial cortex. Adapted from (Bird and Burgess, 2008; Tannenholz et al.,
2014; Ye et al., 2015D).

5.3.3.1.  Parenchymal and vascular B-amyloidosis

Sections of the entire brain were stained for B-amyloidosis (Figure 36). We observed
parenchymal and vascular B-amyloidosis as soon as 12 weeks of age (4 weeks post-

inoculation, wpi) and its progressive development up to 28 weeks of age (16wpi).
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Figure 36. Time-dependant p-amyloidosis in CTRL- and AD-inoculated APPsyePS1agg
mice. Representative slices stained with Bam10 antibody. wpi: weeks post-inoculation. Scale
bar: 500um.
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Parenchymal B-amyloidosis was neither increased in the inoculated CAL nor any connected

structure at 8wpi (Figure 37A). Parenchymal B-amyloidosis increased in the CAl but

spreading to hippocampal connected structures was not observed at 16wpi (Figure 37B).
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Figure 37. AD brain homogenate inoculation accelerates -amyloidosis at 16wpi in the

inoculated CAL but does not spread to connected structures. Number of amyloid plaques

per mm? normalized to the CTRL group in the CAL, retrosplenial cortex (RS), subiculum (S)

and entorhinal cortex (EC) at 8wpi (A, n>5/group) or 16 wpi (B, n>16/group). Mann-Whitney

U test, * p<0.05, wpi: weeks post-inoculation.

APPs..PS1aeg spontaneously develop cerebral amyloid angiopathy (CAA, Figure 36). We

also investigated if AD brain homogenates inoculation accelerates CAA. Amyloid-positive

vessels were counted in the inoculated and hippocampal connected structures. No differences

were found between CTRL and AD groups at 8wpi (Figure 38A) and 16wpi (Figure 38B).
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Figure 38. AD brain homogenate inoculation does not impact cerebral amyloid
angiopathy. Number of amyloid positive vessels per mm? normalized to the CTRL group in
the CA1, retrosplenial cortex (RS), subiculum (S) and entorhinal cortex (EC) at 8wpi (A,
n>5/group) or 16 wpi (B, n>16/group). Mann-Whitney U test, wpi: weeks-post-inoculation.

5.3.3.2.  Callosal B-amyloidosis

AD brain homogenate inoculation induces a specific callosal B-amyloidosis

We observed the development of a typical callosal B-amyloidosis in the AD-inoculated group
(Figure 39). Although B-amyloidosis does not affect the white matter in humans, many APP
over-expressing transgenic mouse strains develop an age-related callosal B-amyloidosis. In
aged APPgyePS1Agg, Spontaneous callosal f-amyloidosis is characterized by large round AP
deposits generally well-defined in the entire corpus callosum. Here, AD-induced AP deposits
are smaller and often contiguous. They mostly formed a dotted line between the corpus
callosum and the alveus but are also observed in the lower part of the corpus callosum. This
callosal acceleration phenotypically differs from normal callosal B-amyloidosis development
in this transgenic mouse strain. This suggests a specific and progressive seeding process

related to AD brain homogenate inoculation in the hippocampus.

139



Chapter V — Experimental transmission of -amyloidosis to mice

CAl

Figure 39. AD-induced callosal p-amyloidosis pattern differs from normal aging. Bam10
immunostaining A. 80 weeks old non- inoculated APPs,ePS1 e9 mouse. B. 24 weeks old AD-

inoculated APPswePS1xe9 mouse (16 wpi). Scale bar: 100um.

AD-induced callosal B-amyloidosis is associated to astrocytes and microglia

Similarly to parenchymal amyloid plaques, we found A deposits in the corpus callosum to be

associated to both microglia and astrocytes in AD-inoculated mice (Figure 40).

Bam10

Bam10

Figure 40. AD-induced callosal g-amyloidosis is associated to microglia and astrocytes.
A. Co-immunofluorescence of AP-deposits (Bam10) and microglia (Iba-1) in the corpus
callosum of AD-inoculated APPswePS1seg mice shows that AB deposits are surrounded by
activated microglia. B. Co-immunofluorescence of Ap-deposits (Bam10) and astrocytes
(GFAP) in the corpus callosum of AD-inoculated APPswePS1seg mice shows that AP deposits

are surrounded by reactive astrocytes. Scale bars: 50um.
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AD-induced callosal B-amyloidosis is time-dependent

At 4wpi, no AP deposits were detected in the corpus callosum of CTRL and AD-inoculated
mice (Figure 41). This suggests that callosal B-amyloidosis is not an accumulation of the

inoculated material.
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Figure 41. Absence of AP deposits in the corpus callosum at 4wpi.Bam10 immunostaining
in CTRL and AD-inoculated APPsyPS1re9 mice (n>3/group). Cx: cortex, CC: Corpus
callosum, Or: stratum oriens. Dotted lines indicate the CC. Scale bar: 50pum.

At 8wpi, callosal AP deposits were detected in the AD-inoculated group. Such deposits
increased at 16wpi whereas no similar deposits were found in the CTRL-inoculated group
(Figure 42A). Quantification of amyloid load (% of stained area) in the corpus callosum
showed the progressive development of -amyloidosis in the AD-inoculated group (Figure
42B).
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Figure 42. AD brain homogenate inoculation leads to a progressive callosal f-
amyloidosis. A. Bam10 immunostaining in CTRL or AD-inoculated mice at 8wpi
(n>5/group) or 16 wpi (n>16/group). Dotted lines indicate the CC. Scale bar: 50um. B.
Quantification of the amyloid load of the corpus callosum. Kruskal-Wallis test with Dunn's
multiple comparisons test (ns: p>0.05; ****: p<0.0001).

5.3.3.3. Decreased amyloid plague size in neighboring regions of the CA1 and corpus

callosum

We also measured AP plaque size in the CAl and hippocampal connected regions.
Surprisingly, we observed a decrease of amyloid plague size in the retrosplenial cortex and
the subiculum, two neighboring regions of the corpus callosum (Figure 43A-B) whereas the
number of amyloid plaques was not affected (Figure 37). Amyloid plaque size in the
retrosplenial cortex and subiculum correlated with B-amyloidosis increase in the CAL (Figure
43C-D) and corpus callosum (Figure 43E-F).
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Figure 43. p-amyloidosis acceleration in CAl and corpus callosum is associated to a
decrease in amyloid plaque size in neighboring regions. A-B. Amyloid plaque size
decrease in the retrosplenial cortex (A) and the subiculum (B).C-D. Amyloid plaque size
decrease in the retrosplenial cortex (C) and the subiculum (D) is correlated to amyloid plaque
density in the CAl. E-F. Amyloid plaque size decrease in the retrosplenial cortex (E) and the
subiculum (F) is correlated to amyloid load in the corpus callosum. A-B: Mann-Whitney U

test, * p<0.05 ** p<0.01; C-F. Spearman correlation test, * p<0.05.

5.3.4. Acceleration of B-amyloidosis in AAV-APP/PS1 mice

5.3.4.1. Characterization of B-amyloidosis development

Wild-type AAV-APP/PS1 mice focally express mutated forms of human APP and PS proteins
in the dorsal hippocampus. In the literature, this model was studied up to 12 weeks post-
injection. At 4 and 12 weeks post-injection of AAV, B-amyloidosis was not detected in co-
injected mice (Audrain et al., 2016). Here, we studied AAV-PS1 and AAV-APP/PS1 mice up
to 80 weeks post-injection. Human PS1 expression alone did not lead to B-amyloidosis
development. Co-expression of human mutated APP and PS1 induced a sparse 3-amyloidosis
(2 out of 3 mice, AAV-APP/PS1) in the dorsal CALl and subiculum (Figure 44A). They

mainly consisted of APi.42 proteins (Figure 44B) although some rare amyloid plaques could
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also contain Api.40. Therefore, B-amyloidosis in AAV-APP/PS1 mice was a late and sparse

event restricted, as expected, to the dorsal hippocampus.
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Figure 44. Sparse parenchymal pB-amyloidosis is only detected in AAV-APP/PS1 mice at
80 weeks after AAV-APP and AAV-PS1 co-injection. A. 4G8 immunostaining of AAV-
PS1 or AAV-APP/PS1 injected mice at 80 weeks after AAV injection. B. AP
immunostaining of AAV-PS1 or AAV-APP/PS1 injected mice at 80 weeks after AAV
injection. CC: Corpus callosum, S: Subiculum. Scale bars: 100pm.
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5.3.4.2. B-amyloidosis acceleration

4 weeks after co-injection of AAV-APP and AAV-PS1, we inoculated CTRL or AD brain
homogenates at the same coordinates. PBS was injected as a control for repeated intracerebral
injection. We evaluated two time-points: 8 and 48wpi. At 8wpi, no AP deposits were found in

any structures of PBS-, CTRL- or AD-inoculated mice (Figure 45).

AAV-APP/PS1 + PBS AAV-APP/PS1 + CTRL AAV-APP/PS1 + AD

o0 CC cc

CAl L CAl

Figure 45. p-amyloidosis is not detected at 8wpi in PBS-, CTRL- or AD- inoculated AAV-
APP/PS1 groups. APi-42 immunostaining; CC: Corpus callosum. n=4-5/group.

At 48wpi, AP deposition was observed in AAV-APP/PS1 (Figure 46A). Indeed, very rare A
deposition was only found in the subiculum of one the PBS group (1/8 animals, 12.5%) and
one of the CTRL-inoculated mice (1/6 animals, 16.7%) but none in the CAl. These two
groups were pooled as one CTRL group (2/14 animals, 14.3%). In contrast, numerous Af}
deposits were found in the CA1 and the subiculum of the AD1- (5/7 animals, 71.4%) and
AD2-inoculated mice (6/8 animals, 75%). Sparse deposits could also be detected in or in
between the alveus and the corpus callosum similarly to AD-inoculated APPsyePS1ag9 mice
but less prominently. No qualitative differences in morphology, distribution or number of Af-
positive animals between AD1 (5/7 animals, 71.4%) and AD2 (6/8 animals, 75%) were
observed and both groups were pooled in one AD group (11/15 animals, 73.3%).

At 48wpi, the number of affected animals in the AD-inoculated group was higher than in the
CTRL-inoculated group (** p=0.001; Chi 2=10.21; df=1). In contrast, the number of affected
animals in the AD-inoculated group was similar to the one observed in 80 weeks post-
injection animals (p>0.95; Chi 2=0.06; df=2) (Figure 46B). Although accelerated [-
amyloidosis was sparse, AP deposits seemed qualitatively more numerous in 52 weeks
(48wpi) AD-inoculated AAV-APP/PS1 mice (Figure 46A) than in 80 weeks AAV-APP/PS1
mice (Figure 44).
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Figure 46. AD brain homogenates inoculation accelerates fB-amyloidosis in AAV-

APP/PS1 mice at 48wpi. A. APi42 immunostaining reveals AP plaques in the CAl and

subiculum of AD-inoculated AAV-APP/PS1. B. Percentage of animals presenting with Af
lesions in the CTRL-, AD-inoculated AAV-APP/PS1 (n=14 and 15 for CTRL and AD,
respectively) mice as well as 80 weeks post-injection of AAV non-inoculated AAV-APP/PS1
mice (Aged, n=3).
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We finally investigated B-amyloidosis spreading from the injection site (CAl) to other
cortical structures. Interestingly, we found AP accumulation only in the dorsal hippocampus
(dorsal CAL, subiculum and dentate gyrus, Figure 47A) but not in the ventral hippocampus of
AD-inoculated mice. Also, no deposits were found in other structures such as the cortex, the
amygdala or the thalamus (Figure 47B). The subiculum and dentate gyrus are both proximal
and connected to the CA1. As acceleration in these structures by spontaneous dissemination
of the inoculate cannot be ruled out in this experiment, we cannot consider their affection as

spreading from the injected CAL.
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Figure 47. p-amyloidosis acceleration depends on human APP expression in inoculated
AAV mice. A. Acceleration of Afi.42 deposition in the dorsal hippocampus where human
APP is expressed 48 weeks after AD brain homogenate inoculation. B. Absence of ABi.42
deposition in regions that do not express human APP 48 weeks after AD brain homogenate
inoculation despite their connection to the inoculation site. S: subiculum; DG: dentate gyrus;

EC: entorhinal cortex; RS: retrosplenial cortex; Am: amygdala; scale bars: 20pum.
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5.4. Discussion

In order to evaluate B-amyloidosis prion-like transmission, we inoculated two complementary
murine models of p-amyloidosis with AD brain homogenates. First, we used
APPgcPS1potransgenic mice that highly express AP peptides. Spontaneous AP aggregation
and deposition in amyloid plaques and/or cerebral amyloid angiopathy (CAA) is systematic,
early (as soon as 12 weeks of life in our breeding colony) and robust (Figure 36). Then, we
explored B-amyloidosis transmission in an AAV-based mouse model of AD that expresses
human mutant APP and PS1 proteins. This model presents with late, sparse and non-
systematic [3-amyloidosis (Figure 44). It allowed us to evaluate 3-amyloidosis acceleration in

a wild-type mouse model expressing focally low levels of human AP (Audrain et al., 2016).

5.4.1. B-amyloidosis experimental transmission in mice

Using intracerebral inoculation of AD brain homogenates, we observed seeding effects in
both models in the inoculated hippocampus, at 16 and 48 weeks post-inoculation, respectively
(Figure 37 and Figure 46). In our two models, no acceleration were observed at short
incubation times (8 weeks, Figure 37 and Figure 45 respectively) indicating that seeding
effects were not linked to the deposition of the AP contained in the AD-homogenates. These
results are in accordance with the literature showing that seeded AP deposits require time to
develop (Baker et al., 1993; Eisele et al., 2009; Kane et al., 2000; Morales et al., 2012; Stéhr
etal., 2012).

Inoculation of an aged-matched individual (CTRL) brain sample lacking Ap deposits (Figure
33) and in which AP levels were below detection limits (Figure 34A-B) did not accelerate -
amyloidosis (Figure 37, Figure 42, Figure 46). In the literature, B-amyloidosis seeding was
reported following AD brain homogenates inoculation but also following MCI or age-
matched non-demented individuals presenting with diffuse AP deposits (Duran-Aniotz et al.,
2013; Kane et al., 2000; Meyer-Luehmann et al., 2006). However, AB-free homogenates from
young individuals or old wild-type mice did not induce any A deposit in various transgenic
mouse strains (Eisele et al., 2014; Hamaguchi et al., 2012; Kane et al., 2000; Meyer-
Luehmann et al., 2006). Thus our results, along with previous ones, show that transmission-
induced B-amyloidosis requires a donor brain extract with AP seeds. These results are

consistent with the long list of publications showing that AP assemblies are the seeding agents
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that can induce cerebral amyloid deposition in mice (Duran-Aniotz et al., 2014; Eisele et al.,
2009, 2014; Meyer-Luehmann et al., 2006; Stohr et al., 2012, 2014).

Considering that we inoculated unpurified human AD brain homogenates, immune responses
and inflammation could be responsible for -amyloidosis acceleration. However, such effects
were not observed using a human CTRL brain homogenate and inflammation and immune
responses have never been reported to trigger B-amyloidosis following brain homogenates
inoculations (Meyer-Luehmann et al., 2006; Stéhr et al., 2012; Watts et al., 2014). Also, the
possibility that brain injury is responsible for the acceleration is mitigated by the fact that both
PBS and CTRL inoculation failed to accelerate B-amyloidosis (Figure 37, Figure 42, Figure
46) as reported previously (Meyer-Luehmann et al., 2006). Taken altogether, this suggests
that AP seeds, and not inflammation or brain injury, are responsible for our observed -

amyloidosis acceleration.

Our results, along with numerous others, suggest that transmission-induced B-amyloidosis is a
progressive process requiring a lag time for AP assemblies to accumulate into insoluble

amyloid plaques.

5.4.2. The host is a modulator of B-amyloidosis transmission

Here, we used two different models to investigate the effect of the receiving “host” animals
upon B-amyloidosis experimental transmission. We observed different seeding effects in our

two models.

APPs.PS1 g9 mice develop B-amyloidosis very early in life as soon as 12 weeks of life. The
mice were inoculated at 8 weeks of age, letting only a very small lag time before the initiation
of the spontaneous aggregation at 12 weeks. At short delays (4 and 8 weeks post-inoculation,
Figure 36, Figure 37, Figure 38), we did not observed any differences in p-amyloidosis
development, except for the corpus callosum in which AP deposition started at 8 weeks post-
inoculation (Figure 42). However, at 16 weeks post-inoculation, 3-amyloidosis was increased
in the AD-inoculated mice (Figure 37). These results suggest that in mice in which the
spontaneous amyloid deposition has already started, AD brain homogenate inoculation can
further increase the pathology intensity. In previous studies from the literature, homogenate
inoculation experiments were often performed in mice with a long spontaneous lag time, i.e.

in models such as the APP23 or R1.40 mice that spontaneously develop amyloid at 40 and 60
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weeks of life, respectively (Meyer-Luehmann et al., 2006; Ye et al., 2015b). Here, we show

that models with such long spontaneous lag times are not necessary to detect seeding effects.

In AAV-APP/PS1 mice, we showed that -amyloidosis develops spontaneously very late
(Figure 44) and we detected an acceleration of the pathology following AD brain
homogenate inoculation with an increase in both affected animal number and pathology

intensity (Figure 46).

It has been reported in the literature that the lag time before accelerated AP deposition
depends on the transgenic mouse strain (Eisele et al., 2014; Meyer-Luehmann et al., 2006).
Here we confirmed that the “host” effect is presumably in accordance with the spontaneous
lag time of each mouse strain and may rely on the basal expression of Ap (Eisele et al., 2014).
Indeed, in the hippocampus, AP is over-expressed in APPsu.PS1seg Whereas it is almost
physiological in the AAV model (Audrain et al., 2016). Our results, along with others,

suggest that the availability of native AP peptides in the brain plays a major role in seeding.

5.4.3. Callosal B-amyloidosis: a signature of intracerebral inoculation?

In both our models, we observed the development of a very specific callosal 3-amyloidosis
after AD brain homogenate inoculation (Figure 39, Figure 40, Figure 41 and Figure 42).
Similar results were reported in previous experimental transmission studies (Table 3) using
intracerebral inoculation of either human or murine brain homogenates containing misfolded
AP (Duran-Aniotz et al., 2013; Hamaguchi et al., 2012; Kane et al., 2000; Meyer-Luehmann
et al., 2006) or synthetic AP peptides (Stohr et al., 2012, 2014). This callosal B-amyloidosis is
a progressive phenomenon that was not detected at 4 weeks post-injection (Figure 41) and
others have shown that no such deposits could be detected at 1 day, 5 days and 2 weeks after
inoculation (Kane et al.,, 2000; Meyer-Luehmann et al., 2006). This suggests that the
inoculum is resorbed and that AP seeds may be trapped leading to the development of callosal
B-amyloidosis. Also, we found that accumulation of AP peptides at the edge and in the corpus
callosum recapitulate features of parenchymal AB plaques. Indeed, we have shown that these
deposits are surrounded by astrocytes and microglia (Figure 40) and they have been shown to
bind amyloid dye (Duran-Aniotz et al., 2013, 2014; Stohr et al., 2014).
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Injected Callosal Other

Ap seeds source Mouse model structure B-amyloidosis observations Reference
AD Tg2576 CAl + - Kane et al., 2000
AD, APP23 and APPPS1 APP23 and APPPS1 CAl and cortex + - Meyer-Luehman et al., 2006
APP23 APP23:Gfap-luc  CAl and cortex + GFAP Watts et al., 2011
APP23 R1.40 CA1 and cortex + - Hamaguchi et al., 2012
APP23.’ c § and APP23:Gfap-luc IC + GFAP Stohret al., 2012
synthetic ABi40 ors26c
AD APPswe/PS1aro CAl + ThS positive Duran-Aniotz et al., 2013
Synthetic ABjs0orp APP23:Gfap-luc IC + ThS positive Stohr et al.. 2014

Table 3. Studies in which callosal p-amyloidosis can be observed following intracerebral
experimental transmission. AD: human AD brain homogenate; APP23: old APP23 brain
homogenate; APPPS1: old APPPS1 brain homogenate; CNRD8: old CNRDS8 brain
homogenate; IC: intracerebral; GFAP: observation of reactive astrocytes overexpressing
GFAP around the callosal -amyloidosis; ThS: Thioflavin S.

This callosal B-amyloidosis resembles observations in prion experiments. Indeed, following
intracerebral inoculation with PrP*®contaminated homogenates, similar PrP deposition on the
inferior surface of or in the corpus callosum was observed (Manson et al., 1999; Piccardo et
al., 2007; Scott et al., 1989). Interestingly, callosal PrP amyloidosis seems specific of
intracerebral inoculation as it does not develop after intraperitoneal inoculation (Gibson,
1986). Similarly, callosal B-amyloidosis does not seem to develop after AB-laden brain
homogenate intraperitoneal inoculation (Eisele et al., 2014). Callosal amyloidosis could
therefore be a hallmark of prion and prion-like intracerebral transmission in rodents. It has
been suggested that, since this hallmark was not observed after intraperitoneal inoculation, it
could be due to a physical dissemination of the inoculum from the injection site. In addition,
the localization of plaques in the corpus callosum suggests that the inoculum may spread
towards the lateral ventricles after injection (Gibson, 1986). Indeed, the orientated disposition
of white matter fibers may provide an efficient path for diffusion. Therefore, retention of the
inoculum in this region may be responsible for callosal amyloidosis following intracerebral
inoculation (Manson et al., 1999). Indeed, as -pleated assemblies are more hydrophobic than
native proteins, the hydrophobic environment of white matter may thus favor their retention in

the corpus callosum.

However, human APP is not produced in the corpus callosum in our models. We observed

that plaque size was reduced in regions adjacent to the corpus callosum and inversely
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correlated with callosal B-amyloidosis and B-amyloidosis acceleration in the CA1, the
inoculated structure (Figure 43). This could suggest that monomeric A diffused from their
production site towards the corpus callosum. The current view for AP prion-like mechanisms
is that AP seeds propagate into the brain leading to seeding in remote regions. Here, we
hypothesize that soluble Ap may be attracted to regions where seeding effects are higher,
leading to a decrease in amyloid plaque size in the regions of origin. Also, based on the
theoretical models for amyloid plaque formation, in particular the critical concentration
parameter (Burgold et al., 2014), we hypothesize that such local reorganization (decreased
plaque size) could be linked to a leak of monomeric AP leading to a decrease of local AP

concentration limiting amyloid plaque growth.

5.4.4. B-amyloid strain effect

An important characteristic of prions is their ability to propagate specific misconformations
leading to specific clinical presentations (“strain” phenomenon). It has been proposed that AP
might also present in different strains (Petkova, 2005). Little is known about A strains in AD
patients and AP deposit morphology in humans seems to depend more on their maturation
over time and regional localization than upon a strain effect (Eisele and Duyckaerts, 2016).
Still, different Ap conformations could account for intra- and inter-individual polymorphic
presentation of AD, both in histopathological and clinical phenotypes (Heilbronner et al.,
2013). To investigate this question, we inoculated homogenates from two different AD
patients (Figure 33 and Figure 34). One presented with CAA and the other did not (Table 2)
and, accordingly, they differed in terms of APi.4 levels (Figure 34A). In APPsyePS1Agg
inoculated mice, we did not observe any difference in AP deposit distribution and morphology
nor in the amount of amyloid plaques or CAA between mice inoculated with one AD patient
or the other. Similarly, no differences were seen between AD-inoculated AAV-APP/PS1 mice

as similar localization, morphology and incidence were observed.

Our observations do not support a strain effect between our two samples despite the
difference in ABi-40 levels and A lesion morphology of the human samples. In the literature,
to our knowledge, only Arctic AD patient homogenates led to a specific CAA endophenotype
in mice whereas sporadic and Swedish AD patient homogenates induced similar lesions
(Watts et al., 2014). As the APP Arctic mutation (E693G) is inside the AP sequence (E22G)
and results in an atypical AD pathology (Philipson et al., 2012), this may suggest that A

strains in AD patients rely more on mutated AP peptides with an alternative folding able to
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self-propagate to wild-type peptides. Compared to PrP, wild-type AP may present with less
conformational flexibility and thus less strain effect.

The observed diminution in plaque size observed in the retrosplenial cortex and the subiculum
in AD- as compared to CTRL- inoculated APPsy.PS1xeq may reflect a strain effect common
to both AD patients and different from APPsPS1xe9 mice (Figure 43  A-B). This reduced
size could be linked to the contraction of plaques in these regions leading to more mature
compact plaques. However, the fact that CA1 was less impacted (non-significant decrease)
than remote regions is inconsistent with this hypothesis. One proposition could be that
spontaneous [-amyloidosis is less important in the CALl than in the subiculum and
retrosplenial cortex and therefore, compaction of amyloid plaques could be slower. This strain

hypothesis will require further evaluation.

5.4.5. B-amyloid spreading

Finally, following seeding experiments in vivo, time-dependent spreading of AP deposition
from the injected structure to other regions was reported in various transgenic mouse strains
(Hamaguchi et al., 2012; Kane et al., 2000; Meyer-Luehmann et al., 2006; Stohr et al., 2012;
Walker et al., 2002). AP spreading has been proposed to occur by various mechanisms

including dissemination along neuroanatomic connections.

In our two models, we investigated the spreading from the inoculated structure to
anatomically connected regions. In APPs,.PS1se9 N0 spreading was detected (Figure 37).
Two hypotheses can be proposed to explain this lack of spreading. (1) Spreading has been
described to be a time-dependent process. Here, we only detected seeding in the inoculated
structure at 16 weeks post-inoculation (Figure 37B). As spreading is only observed after a
robust acceleration in the inoculated structure, performing longer time-points may allow
observing spreading in APPgswePS1agg. (2) APPswePS1agg is an early-depositing model and
spontaneous aggregation may therefore be already too robust in the receiving structures for
additional A seeds to spread B-amyloidosis acceleration. Further experiments will be needed
to conclude on AP spreading in this model. In the AAV model, no spreading was observed.
Indeed, AP deposition was only observed in the dorsal hippocampus. Two hypotheses can
also be proposed. (1) First, like in APPswePS1seg mice spreading should be investigated at
later time-points. (2) Second, as APP is only expressed in the dorsal hippocampus in this

model (Audrain et al., 2016), it suggests that APP expression is mandatory for AP spreading.
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It has been recently shown that Tau can spread from neuron-to-neuron even in the absence of
Tau expression in the receiving region (Wegmann et al., 2015). Here, our results suggest that

AP cannot spread without human APP being expressed in the receiving structure (Figure 47).

In conclusion, our results, along with previous ones, show that B-amyloidosis can be
transmitted in vivo in a prion-like manner. Such transmission is achieved by the introduction
of AP seeds in a susceptible model expressing a similar aminoacid sequence of A, as human
APP expression seems to be required for both AP seeding and spreading. Overall, our results

support the prion-like hypothesis of Ap.
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In these experiments, we evaluated if B-amyloidosis could be transmitted in vivo in a prion-

like manner. We performed experimental transmission of -amyloidosis in two different

amyloidogenic models.

First, we showed that intracerebral inoculation of AD brain homogenates leads to AP seeding
in both models whereas inoculation of an aged-matched control individual homogenate failed
to accelerate B-amyloidosis. Then, we demonstrated that the “host” was a determinant
modulator for B-amyloidosis experimental transmission as we observed difference in seeding

in our two models. Furthermore, we observed intracallosal AP deposition and suggest that it

we did not find any phenotypic differences between our two AD patients, suggesting that they
do not present with different A strains. Finally, we suggest that APP expression is mandatory
for AP spreading contrary to Tau protein. Overall, we conclude that our experiments support

the prion-like hypothesis of Ap.

Several questions remain to be answered for the prion-like hypothesis of AB. There is no
evidence that AD is transmissible to humans and the origin of the formation of the first AP
seeds remains to be investigated. Additionally, very little is known about AP spreading
mechanisms although many hypotheses have been proposed. The identification of AP seed
structures is also necessary to better understand these mechanisms and decipher their impacts
on various brain functions. Finally, until now, very few studies evaluated the impact of AD

could be a specific pathologic signature for AP intracerebral seeding in mice. Additionally,
experimental transmission on brain functions.
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6.1. Introduction

Aging is a natural process modifying organism’s structure and functions. It ineluctably leads
to functional decline of different systems such as the nervous system. In humans, normal
cerebral aging is associated with atrophy (Chui et al., 1984; Lowes-Hummel et al., 1989;
Petersen et al., 2000; Salat et al., 2004).

Cerebral atrophy is more prominent in AD than in normal aging, especially in temporal
regions such as the hippocampus or the entorhinal cortex (Jack et al., 1998) or the central
cholinergic system (Teipel et al.,, 2005). Rodent models are most commonly used for
physiological and pathological aging research. These models generally do not display cerebral
atrophy while aging, and even show cerebral growth. For example, classical rodent AD
models mostly do not reproduce the typical pattern of cerebral atrophy observed in patients
(Maheswaran et al., 2009).

Non-human primates (NHP) present with cerebral age-related changes (Andersen et al., 1999;
Dhenain et al., 2000). The mouse lemur is a useful model of age-related cerebral atrophy as it
is the only primate in which a link between cerebral atrophy and cognitive alterations has
been found (Picg et al., 2012). Several studies were performed to characterize cerebral
atrophy in mouse lemurs using manual segmentation, scoring or automatized analysis of MR
images (Dhenain et al., 2000, 2003; Kraska et al., 2011; Picq et al., 2012; Sawiak et al.,
2014). Here, we further characterized the effect of age on cerebral atrophy using MR images
acquired on a 7 Tesla scanner, offering a better spatial resolution, and voxel-based

morphometry (VBM) automated processing.

In humans, aging is also the most important risk-factor for neurodegenerative diseases such as
AD. AD is characterized by the accumulation of abnormal AP and Tau proteins in the brain.
Old NHP are used as spontaneous models of AD. In mouse lemurs, abnormal accumulations
of AP and hyperphosphorylated Tau proteins while aging have been reported in some animals.
Most studies of AD-related lesions in mouse lemurs were performed on paraffin-embedded
tissues (Giannakopoulos et al., 1997; Kraska et al., 2011), here we developed free-floating

immunohistochemistry protocols to further characterize AP and Tau pathologies related to
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aging. Indeed, this technic is more permissive, notably for stereological analysis, and allows a

cost-effective evaluation of the entire brain.

6.2. Materials and methods

6.2.1. Ethic statement

All animal experiments were conducted in accordance with the European Communities
Council Directive (2010/63/UE). Animal care was in accordance with institutional guidelines
and experimental procedures were approved by local ethic committees (authorizations 12-
089; ethic committee CETEA-CEA DSV IdF). Critical ethic limit points were defined as one
or more of the following observations: suffering signs, prostration signs or general state
degradation approved by the local veterinary. Weight loss was not considered as reliable

criterion as mouse lemur’s weight varies a lot both between weeks and seasons.

6.2.2. MRI study

6.2.2.1. Animals

24 male and female mouse lemurs aged from 1 to 9 year-old were included in this study
(6.35£2.4 years). They were all born in a laboratory breeding colony (UMR 7179
CNRS/MNHN, France; European Institutions Agreement #962773) and bred in our laboratory
(Commissariat a 1’Energie Atomique, centre de Fontenay-aux-roses; European Institutions
Agreement #B92-032-02). Conditions of captivity were maintained under constant
temperature of 24-26°C and relative humidity of 55%. Animals were housed in individual
cages with jumping and hiding enrichment. Seasonal enlightenment (summer: 14 hours of
light/10 hours of dark; winter: 10 hours of light/14 hours of dark) was applied with respect to
the seasonal rhythm of the animals. Food consisted of fresh apple and a homemade mixture of
banana, cereals, eggs and milk. Animals had free access to tap water. None of the animals has

been previously involved in pharmacological trials or invasive studies.

6.2.2.2.  Anatomic Magnetic Resonance Imaging

Principles of Magnetic Resonance Imaging

MRI is based on the phenomenon of nuclear magnetic resonance. The atom nucleus is made

of nucleons (neutrons and protons) animated by axial rotation movements or “spin”. A
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rotating load induces a local magnetic field around it, named the magnetic moment, which is
linked to the spin. Protons and neutrons magnetic moments can cancel each other by pairing.
Therefore, only atoms with impaired nucleons, such as hydrogen, have magnetic properties.
As hydrogen represents the majority of an organism’s atoms, its properties are exploited in
structural MRI. In the absence of external magnetic field, magnetic moments are randomly
oriented leading to a null sum of these moments. However, when an external magnetic field is
applied, magnetic moments of atoms are oriented parallel or anti-parallel to the magnetic
field. The difference between parallel and anti-parallel magnetic moments creates a
macroscopic magnetization that depends on the external magnetic field. However, this
magnetization per se is not detectable directly as it is aligned with the external magnetic field.
To detect it, it is mandatory to induce a modification of its orientation that allows detecting its
return to equilibrium. Such modification can be achieved by stimulation by a radiofrequency
wave. When the radiofrequency is applied, it leads to a modification of the orientation of the
macroscopic magnetization. When its stops, the macroscopic magnetization returns to its
initial orientation, aligned with the external magnetic field, and relaxation phenomena occur
(namely T1 and T2). These relaxation phenomena are responsible for the signal detected in
MRI and are dependent on the properties of the different tissues allowing for example to

differentiate fat- and water-enriched tissues.

Depending on the weight of each relaxation phenomenon in an anatomical MRI sequence, it
allows to visualize differently the tissues differing on its water and fat proportions. For
example, in T1-weighted images, fat is light-colored (hyper-intense) and water is dark-
colored (hypo-intense). Distinctively, T2-weighted contrast allows water to appear hyper-
intense whereas fat appears a little bit darker. Therefore, T2-weighted contrast leads to CSF to
appear in light-white, gray matter in light-gray and white matter in dark gray. Such contrast is

very interesting for atrophy studies as CSF is very easily visualized.

Magnetic Resonance Imaging in mouse lemurs

Anatomical MRI was performed using T2-weighted spin-echo images recorded on a 7T
spectrometer (Agilent, USA; TR=10000ms, TE=17.4ms, slice thickness=230um, field of
view=29.4x29.4mm?, matrix=128x128, resolution=230x230pm? zero-filled to 115x115um>).
Animals were fasted the day before MRI. Pre-anesthesia (atropine, 0.025mg/kg, subcutaneous

injection) was performed 30 minutes before anesthesia (Isoflurane,Vetflurane,4.5% for
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induction and 1-2% for maintenance)(Dhenain et al., 2003). Respiration rate was monitored

and body temperature was maintained at 37+£0.5°C with an air-heating system during all MRI.

Voxel-based morphometry

Voxel-based morphometry (VBM) is an unbiased whole-brain technique for the analysis of
anatomic MR images. In this study, we assessed the evolution of gray matter in the brain as a
function of age in a statistical manner. MR images were analyzed using VBM thanks to SPM8
(Wellcome Trust Institute of Neurology, University College London, UK,

(http://www.fil.ion.ucl.ac.uk/spm) software with the SPMMouse toolbox

(http://spmmouse.org) as described previously (Sawiak et al., 2014). Briefly, brain images

were segmented into gray (GM) and white matter (WM) tissue probability maps using in-
house developed priors, then spatially transformed to the standard space using a GM mouse-
lemur template. Affine regularization was set for an average-sized template, with a bias non-
uniformity cut-off at a full width at half maximum (FWHM) of 10mm, a 5mm basis-function
cut-off and a sampling distance of 0.3mm. The resulting GM and WM portions were output in
rigid template space and DARTEL (Ashburner, 2007) was used to create non-linearly
registered maps for each subject and common templates for the cohort of animals. The
warped GM portions for each subject were modulated with the Jacobian determinant from the
DARTEL registration fields to preserve tissue amounts (‘optimized VBM’) (Good et al.,
2001) and smoothed with a Gaussian kernel of 600um to produce maps for analysis (Sawiak
et al., 2014). A general linear model was designed based on multiple regressions to evaluate
relative changes in GM values as a function of age. Total intracranial volumes and sex were
taken as covariates of no interest. To control for multiple comparisons, an adjusted p-value
was calculated using the voxel-wise false discovery rate (FDR) q<0.05 with extent threshold
values of 10 voxels (Genovese et al., 2002). Voxels with a modulated GM value below 0.2

were not considered for statistical analysis.

6.2.3. Histology

Another cohort of 25 male and female mouse lemurs aged from 1 to 11 (7.2+2.9 years) were
euthanized with an overdose of sodium pentobarbital (100 mg/kg intraperitoneally). After
overnight post-fixation with 4% paraformaldehyde in PBS, brains were cryoprotected using
overnight 15% and 30% sucrose solutions. 40um-thick coronal sections of brains were cut on

a microtome (SM2400, Leica Microsytem, Wetzlar, Germany) and floating histological serial
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sections were preserved in a storage solution (glycerol 30%, ethylene glycol 30%, distilled

water 30% and phosphate buffer 10%) until use.

Serial sections of the entire brains were used for -amyloid (4G8) and Tau (AT8 and AT100)
immunohistochemistry. AT8 antibody binds to a phospho-epitope of Tau that is
phosphorylated in physiological conditions and hyperphosphorylated in pathological
conditions such as AD. AT100 antibody is supposed to bind to another phospho-epitope more
specific of PHFs. Free-floating sections were rinsed in PBS 0.1M and then incubated with
hydrogen peroxide 0.3% for 20min. Human sections were used as positive controls. Negative
controls were performed for each group by the omission of the primary or secondary
antibody. For 4G8 staining, 80% formic acid pretreatment was applied for 2 min.
Pretreatment with PBS-Triton 0.5% (Triton X-100, Sigma Aldrich, MO, USA ) and 3%
Bovine Serum Albumin (BSA) blocking was performed before a 2-day incubation at +4°C
with either biotinylated 4G8 (Covance, NJ, USA, 1/250), AB1.42 (Life Technologies, Carlsbad,
CA, USA, 1/500), AT8 (Pierce endogen, IL, USA, 1/100), or AT100 (Pierce endogen, IL,
USA, 1/100). Secondary antibodies, biotinylated anti-mouse or anti-rabbit 1gG (Vector
Laboratories, Burlingame, CA, USA), were incubated for 1 hour at +4°C before revelation.
ABC Vectastain kit (Vector Laboratories, Burlingame, CA, USA) was used to amplify DAB
revelation (DAB SK4100 kit, Vector Laboratories, Burlingame, CA, USA). Stained sections

were analyzed by two operators blinded to the age of the animals.
6.3. Results

6.3.1. Aqge-related cerebral atrophy

MR images were acquired in 24 mouse lemurs aged from 1 to 9 year-old (6.35+2.4 years).
VBM morphometry analysis was performed in order to extract the global effect of age upon
GM evolution (Figure 48A). As it neglects individual effects in favor of global evolution, we
can suggest that this analysis reflects the physiological evolution of GM during aging. GM
decrease as a function of age massively affected cortical areas belonging to the parietal lobe,
the posterior cingulate cortex and non-cortical structures (the basal nucleus of Meynert and
the anterior hypothalamus) (Figure 48B-C, black). The retrosplenial cortex as well as the
frontal lobe were only partially affected (Figure 48B-C, dark gray). The temporal and
occipital lobes (Figure 48B-C, light gray) were mostly preserved as well as other non-cortical

structures such as the hippocampus or the caudate nucleus.
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Figure 48. Physiological aging does not induce gray matter loss in the temporal lobe. A.
Statistical heatmap of T values indicating the significant clusters in which GM probability
diminishes as a function of age (FDR correction p-value=0.05, Voxel threshold k extent=10).
BM: nucleus basalis of Meynert, AH: anterior hypothalamus, Cg: posterior cingulate cortex,
RS: retrosplenial cortex. B. 3D side view of the significant clusters (A) showing a massive
age-related diminution of GM probability in the parietal (Pa) lobe, the AH and BM (black)
whereas the frontal (Fr) lobe is partially affected (dark gray) and the temporal (Tp) lobe (light
gray) is mostly preserved. C. 3D upper view of the significant clusters (A) showing an
important age-related diminution of GM probability in the Cg (black) whereas the RS is only

affected in its dorsal part and the Tp and occipital (Oc) lobes are mainly preserved.
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6.3.2. AP and Tau pathologies in aged mouse lemurs

We developed free-floating immunohistochemistry for A and Tau staining in mouse lemurs

to characterize the incidence of AP and Tau pathologies in the mouse lemur.

Negative
75%

Figure 49. p-amyloidosis in aged mouse lemurs (>6 years-old). A. Amyloid plaques in the
parietal and superior temporal cortex. B. High-magnification photomicrograph of the boxed
area in panel A showing amyloid plaques in the layer V1 of the superior temporal cortex. C-D.
Amyloid plaques in the parietal cortex. E-F. Amyloid plaques in the occipital cortex. G. CAA
in the ventral hippocampus. H. High-magnification photomicrograph of the boxed area in
panel G showing CAA in the small vessels. I. CAA in the inferior temporal cortex. J. Small
vessel CAA in the amygdala. K. Small vessel CAA in the parietal cortex. L. Proportion of
aged lemurs (>6year-old) with amyloid plaques and/or CAA. White arrows indicate 4G8-
immunoreactive vessels. Scale bars: 500um (A); 100um (B-G; I); 50um (H-J; K).
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We evaluated AP lesions presence, morphology and localization in 5 young (1 to 3 years) and
20 old (6 to 11 years) mouse lemurs. We did not observe any AP lesions in any of the young
animals. We detected amyloid plaques in the frontal, parietal, temporal superior and/or
occipital cortices of 4 out of 20 mouse lemurs older than 6 years (Table 4). Interestingly,
amyloid plaques were always diffuse and localized in deep cortical layers (Figure 49A-F).
We also detected CAA, mostly in the small vessels, in the cortex, the hippocampus and/or the
amygdala of 2 out of 20 aged mouse lemurs (Figure 49G-K, Table 4). Only one aged mouse
lemur presented with both types of AP lesions. In summary, 5 out of 20 aged mouse lemurs

(25%) exhibited parenchymal and/or vascular AP lesions (Figure 49L).

Age CAA Amyloid plaque localization
7 - Parietal, temporal superior and occipital cortex
7 + -
8 - Temporal superior cortex
8 - Fronto-parietal cortex
9.5 + Parietal, temporal superior and occipital cortex

Table 4. Localization of amyloid plaques and presence of cerebral amyloid angiopathy in
the brain of aged mouse lemurs. CAA: cerebral amyloid angiopathy. Age is indicated in
years. Presence is marked +, absence is marked -.

We then analyzed Tau pathology using AT8 and AT100 antibodies in 3 young (1 to 2 years
old) and 14 aged (6 to 9.75 years old) mouse lemurs. We did not detect any Tau lesions in any
of the 3 young animals. In 4 out of 14 mouse lemurs older than 6 years old (28.6%), AT8-
immunoreactive Tau missorting to the soma and dendrites of neurons was observed in the
frontal, parietal, temporal, including the entorhinal, and occipital cortices (Figure 50C-E,
Table 5). In one animal, specific cortical and subcortical regions were spared as compared to
the other positive animals (Table 5). Interestingly, in all animals, AT8-immunoreactive somas
were mostly detected in the outer layers of the cortex (I1-1V) and almost never in the inner
layers (V-VI). Also, AT8-immunoreactive Tau missorting was detected in the hippocampus
(Figure 50A-B), the amygdala (Figure 50C), septal nuclei, medial thalamus and/or
hypothalamus. However, no staining was observed with AT100 antibody either in young or

old animals and no neuritic plaques were observed.
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Negative
71%

Figure 50. Tau pathology in aged mouse lemurs (>6 years-old). A-E. Examples of AT8-
immunoreactive somas in the hippocampus (A-B), temporal superior cortex (C), amygdala
(D) and entorhinal cortex (E). F. Percentage of animals presenting with AT8-immunoreactive

somas. Scale bar: 50pm.

Age AC PC RS EC CA DG S NS Am
7 - - - - - - - - -
8 - - - - - - - - -
9 - - - - - - - - -

9.5 - - - - - - - - -

Table 5. Differential localization of AT8-immunoreactive somas in aged mouse lemurs.
AT8-immunoreactive somas were detected in every lobe of the brain but some specific
cortices (cingulate and retrosplenial) as well as subcortical structures could be affected
differentially in aged mouse lemurs. Presence of AT8-immunoreactive somas is marked +,
absence is marked -. AC: Anterior Cingulate cortex; PC: Posterior Cingulate cortex; RS:
Retrosplenial cortex; EC: Entorhinal Cortex; CA: Ammon’s Horn; DG: dentate gyrus; S:

subiculum; NS: nuclei septali; Am: Amygdala.

Finally, only two aged animal presented with AB and hyperphosphorylated Tau pathologies
representing 14.3% of all aged animals and 28.6% of animals affected by AP and/or Tau
pathologies.

6.4. Discussion

In this study, we aimed to investigate both physiological and pathological aging in mouse
lemurs focusing on the characterization of physiological cerebral atrophy and pathological

deposition of AP and Tau proteins.
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6.4.1. Aaqing is associated to physiological cerebral atrophy in mouse lemurs

First, we evaluated cerebral atrophy in a cohort of 24 mouse lemurs aged from 1 to 9 year-old
(6.35%2.4 years) using VBM analysis to highlight the pattern of cerebral physiological aging

of mouse lemurs.

In humans, aging leads to a global loss of cerebral volume (Fjell et al., 2009). Age-related
cortical atrophy mostly involves the frontal and parietal lobes (Driscoll et al., 2009; Salat et
al., 2004). In our study, we observe an age-related atrophy involving mainly the parietal
whereas the frontal lobe was only partially affected (Figure 48). However, the anterior
cingulate cortex, one of the most impacted cortices in humans (Salat et al., 2004), was also
impacted in mouse lemurs during aging. Concerning subcortical structures, the basal nucleus
of Meynert was impacted by age-related atrophy in mouse lemurs. The basal nucleus of
Meynert is a cholinergic structure of the basal forebrain that is affected by atrophy in both
normal and pathological (MCI and AD) aging (Grothe et al., 2014; Wolf et al., 2014) as well

as in macaques during aging (Smith et al., 2004).

Our results are mostly consistent with a previous study using VBM in mouse lemurs (Sawiak
et al.,, 2014). GM loss was more widespread in this previous study and differences in the
involvement of the prefrontal, superior temporal and occipital cortices as well as the caudate
nucleus were observed. Most aged mouse lemurs do not display excessive atrophy while
aging whereas others present with an abnormal pattern of cerebral atrophy indicative of a
pathological process (Kraska et al., 2011). In the present study, no aged mouse lemur
presented with high cerebral atrophy. The observed discrepancy between the two VBM
studies may rely on the number and population of mouse lemurs used in the two studies as
well as on MRI acquisition and processing. The atrophy pattern presented here confirmed
most of the cortical and subcortical regions previously detected as being part of the

physiological cerebral aging.

Atrophy of the temporal lobe has been described in a subset of aged mouse lemurs (Kraska et
al., 2011) and, in particular, atrophy of the entorhinal cortex correlates with spatial memory
impairments (Picq et al., 2012). In comparison to pathological aging, the temporal cortex is
preserved during aging, as observed in both VBM studies carried out on mouse lemurs by our

team. Such preservation is similar to what had been observed in human physiological aging
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(Driscoll et al., 2009; Salat et al., 2004). Here, we further confirmed that the temporal lobe is

not affected by atrophy during the physiological aging process in mouse lemurs.

With respect to the hippocampus, atrophy also correlates with spatial memory impairments
(Picq et al., 2012). Here, during physiological aging, no atrophy was detected in this structure.
Our results are also consistent with other primate studies in which hippocampal atrophy is not
associated with physiological aging (Shamy et al., 2006). Although impacted by atrophy
during aging (Golomb et al., 1993; Jack et al., 1997), the hippocampus is relatively spared in
human normal aging as compared to other regions (Hsu et al., 2002). Our results further
suggest that both the temporal lobe and the hippocampus are preserved during physiological

aging in mouse lemurs.

Here we described the atrophy pattern of physiological aging of mouse lemurs. With respect
to cerebral atrophy during human aging, mouse lemurs present with good face and construct
validity thus representing interesting models for human cerebral aging and testing
interventional strategies (Pifferi et al., 2016). Characterizing physiological aging is also
crucial for deciphering and understanding the impacts of pathological processes on cerebral
atrophy. For example, most mouse lemurs do not present cognitive alterations while aging
and physiological aging mostly spares the temporal lobe and the hippocampus. Along with
previous studies, our results suggest a major role for atrophy of these structures in

pathological aging processes.

6.4.2. Aqing leads to AD-related neuropathological lesions in mouse lemurs

There has been longstanding interest as to whether AD-related pathology could develop in the
brain of aged animals. In this project, we aimed to evaluate pathological aging focusing on the
identification of AD-related histopathological lesions in another cohort of mouse lemurs.

Although AP and Tau pathologies have been described in mouse lemurs before, almost all
studies were performed in separated cohorts. Such AD-like pathological changes have been
reported to affect about 20% of old mouse lemurs (Bons et al., 1992). Here we determined
that AP and Tau lesions can be detected in 25 to 29%, respectively (Figure 49L, Figure 50F),
of mouse lemurs older than 6 years and we also showed that these pathologies are not usually

concomitant (28.6%).
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Contrary to previous studies (Bons et al., 1992, 1994; Giannakopoulos et al., 1997; Mestre-
Francés et al., 2000), we detected only diffuse amyloid plaques in the cortex of aged mouse
lemurs (Figure 49). With the exception of the inferior temporal cortex, all cortices were
involved with predominance for parietal, temporal superior and occipital cortices.
Interestingly, amyloid plaques were restricted to the deep cortical layers. CAA was less
frequent than previously described affecting only 10% of aged mouse lemurs (Figure 49L). It
mostly involved small vessels with large vessels being generally spared. This is consistent
with the observation that, in humans, small vessel CAA is associated with ApoEe4 as mouse

lemurs are homozygous for ApoEe4.

It has been suggested that old mouse lemurs’ is similar to humans’ B-amyloidosis (Bons and
Mestre, 1993). Here, we did not confirm this result as we found parenchymal f-amyloidosis
in mouse lemurs to be sparse and only present as diffuse deposits. Also, we found CAA to be

less frequent than in humans and to present mostly in small vessels (Figure 49F).

Our results will have to be confirmed in a larger cohort that is currently undertaken. Other
markers will be examined to identify AP peptides proportions and amyloid dye binding
properties of AP deposits in aged mouse lemurs. Also, a larger cohort may allow deciphering

the pattern of AP deposition in the brain.

Aged mouse lemurs were sometimes reported to present a rare tauopathy (Giannakopoulos et
al., 1997; Kraska et al., 2011). Here, we found AT8-positive neurons only in aged animals
(29%) and never in young animals (Figure 50). AT8-positive somas were detected in all
cortices with predominance in the temporal lobe and in particular the entorhinal cortex. The
hippocampal formation was mostly spared with the exception of the dentate gyrus. This
observation is in accordance with the spreading hypothesis of Tau along neuroanatomic
connections as AT8-positive somas were predominantly found in the layer Il and Il of the

entorhinal cortex that are heavily connected to the dentate gyrus (Table 5).

Interestingly, as in humans, Tau pathology distribution (Table 5) seems to match the
pathological atrophy reported in mouse lemurs (Picq et al., 2012). Indeed, atrophy of the
entorhinal cortex is not observed during physiological aging (Figure 48) but correlates with
cognitive deficits suggesting a pathological process specific of some mouse lemurs (Picq et
al., 2012). Therefore, as the entorhinal cortex is strongly affected by Tau pathology in some

aged mouse lemurs, spared by AP pathology and seems to be atrophied only during
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pathological aging, we hypothesize that atrophy might be related to Tau pathology in lemurs.
Based on this hypothesis, we are currently performing a study aiming to evaluate the
relationship between cerebral atrophy, cognitive alterations and AP and Tau lesion
distribution. In particular, 3D immunohistology is being performed in order to spatially

correlate AP and Tau lesions with atrophy occurrence.

Tau pathology in mouse lemurs does not seem to involve neuritic plaques and NFTs (Figure
50). Also, we observed that AT8-positive hyperphosphorylated Tau was not stained by
AT100 antibodies suggesting that accumulated Tau is not hyperphosphorylated at the AT100
epitope contrary to human pathology. Further evaluation will be necessary to fully
characterize Tau pathology in mouse lemurs including the use of conformational antibodies

and amyloid dyes.

AT8-positive somas were predominantly detected in the temporal lobe that was not affected
by amyloid plaques. Also, this pathology was mostly found in the superficial layers of the
cortex whereas amyloid plaques were restricted to the deep layers. This result suggests that
AP and Tau pathology do not overlap in mouse lemurs. This observation is further reinforced
by the fact that these pathologies are only concomitant in 28.6% of affected aged lemurs and,
similarly to previous studies (Giannakopoulos et al., 1997), no correlation was established
between B-amyloidosis and Tau pathology in aged mouse lemurs.

Differential selective vulnerability of neuronal populations has been proposed to explain the
spatiotemporal distribution of A and Tau pathology (Miller et al., 2013). Very recently, it
was proposed that regional vulnerability to AD pathology could be explained by the
differential expression of pro- or anti-aggregation genes (Freer et al., 2016). Investigating
such gene expression profiles in mouse lemurs could provide some insights on both
distribution and relative resistance of mouse lemurs to Ap and Tau pathologies, as compared

to humans.

The lack of animal models closely reproducing the endophenotypes of AD is a major obstacle
to the understanding of the pathogenesis of the disease. If animals have never been shown to
develop AD, AP deposits have been found in aged animals from various species including
dogs and nonhuman primates (Cummings et al., 1996; Elfenbein et al., 2007; Kimura et al.,
2003; Lemere et al., 2008; Maclean et al., 2000; Mestre-Francés et al., 2000; Struble et al.,
1985).
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With age, nonhuman primates develop parenchymal and/or vascular AP lesions but this -
amyloidosis is generally sparser than the one observed in humans. Also, NFTs, as found in
humans, are unusual in primates including mouse lemurs. It has been suggested that insoluble
aggregates of Tau may occur specifically in human neurons but do not form in the neurons of
nonhuman primates (Selkoe et al., 1987). Until now, NFTs have only been found in baboons
and gorillas and were not yet observed in other primate species (Kimura et al., 2003; Perez et
al., 2016; Schultz et al., 2000) suggesting that nonhuman primates may present a relative
resistance to Tau pathology (Heuer et al., 2012).
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Mouse lemur aging can be separated into physiological and pathological aging. Here, we

characterized the pattern of physiological age-related cerebral atrophy that, contrary to

pathological aging, does not involve the temporal lobe.

We also further characterized AD-related histopathological lesions in mouse lemurs. A subset
of aged mouse lemurs presents with parenchymal and vascular AP lesions and/or
hyperphosphorylated Tau lesions. However, as other primates, they show a relative resistance

to both pathologies that do not resemble the massive lesions observed in humans.

As a conclusion, our data, along with others, suggest that mouse lemurs are interesting models
for cerebral aging and AD pathology although, as all nonhuman primates, they present with
limitations as far as the intensity of the pathology is concerned. Further evaluation of the
differences between afflicted aged primates and AD patients could help better understanding

why AD is a human specific disease.
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endophenotypes to primates

7.1. Introduction

There has been longstanding interest as to whether Alzheimer's disease (AD) might be
transmissible (Goudsmit et al., 1980). In humans, patients exposed to cadaver-derived
hormones or dura mater grafts presumably contaminated with AP have higher risk to develop
early-onset AP pathology than non-exposed subjects (Frontzek et al., 2016; Jaunmuktane et
al., 2015; Kovacs et al., 2016; Preusser et al., 2006).

Experimental transmission of B-amyloidosis or tauopathy has been described in rodents after
intracerebral, and even peripheral, inoculation with AD brain homogenates suggesting prion-
like mechanisms (Clavaguera et al., 2009, 2014, Eisele et al., 2009, 2010; Meyer-Luehmann
et al., 2006). Although non-human aged primates can naturally develop AP lesions (Heuer et
al.,, 2012), experimental transmission of AD to various primate species ranging from
chimpanzee to marmoset was inconclusive (Brown et al., 1994; Goudsmit et al., 1980). Only
one long term study in marmosets revealed the induction of sparse amyloidosis 3.5 to 7 years
after intracerebral inoculation with AD brain homogenates but no Tau lesions were reported
(Baker et al., 1993, 1994; Maclean et al., 2000; Ridley et al., 2006).

Also, whether the “pathogenic spread” of AD-related proteins causes AD symptom onset
remains uncertain (Walsh and Selkoe, 2016). None of the transmission studies with AP or Tau
inocula provided evidence for pronounced cognitive decline or neurodegeneration (Beekes et
al., 2014) although only very few experiments studied the functional impact of experimental
transmission. In prion diseases, experimental transmission is achieved in primates and leads to
clinical symptoms (Brown et al., 1994; Gajdusek et al., 1967, 1968; Gibbs et al., 1968a). Such

questions remain to be answered for AD.

As for prion diseases, experimental transmission of AD can only be performed in susceptible
models. Aged mouse lemurs can develop most of AD endophenotypes including B-
amyloidosis, Tau hyperphosphorylation, cerebral atrophy, and, cognitive deficits. Also, only a
very small subset of aged (>6 year-old) mouse lemurs have been shown to present with these
alterations contrarily to transgenic models that systematically develop AD-related lesions.

Therefore, mouse lemur characteristics (for example, complete homology of AB sequence
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with human’s sequence) allow the study of experimental transmission in a context closer to

sporadic human pathology than in transgenic mice.

Therefore, the mouse lemur seems to be a relevant model to perform such studies. Here we
aimed to investigate the impacts of AD experimental transmission in mouse lemurs focusing

on functional and morphological endophenotypes of AD.

7.2. Materials and methods

In our study, we evaluated the impact of human AD brain homogenates inoculation on both
brain function and integrity in 12 adult mouse lemur primates (males, age=3.5+0.2years)
using a behavioral and biomarker-based approach. Before entering the study, all animals were
checked for health and given an ophthalmologic examination. None of the animals has been

previously involved in pharmacological trials or invasive studies.

These small-sized primates have a maximal lifespan of 11.0+0.2 years and start to be
considered as old after 6 years (Languille et al., 2012). After this age, some animals can
spontaneously develop cognitive impairments, cerebral atrophy, and/or histopathological
hallmarks (B-amyloidosis (25%, Figure 49) or tauopathy (29%, Figure 50)) whereas younger
animal never present these alterations (see 6.3.2 and 7.2.5.2; Kraska et al., 2011; Picq et al.,
2012, 2015). To ensure the detection of inoculation-related changes without spontaneous
aging interference, inoculated mouse lemurs were euthanized before 6 year-old
(5.0+0.2years).

7.2.1. Ethic statement

All animal experiments were conducted in accordance with the European Communities
Council Directive (2010/63/UE). Animal care was in accordance with institutional guidelines
and experimental procedures were approved by local ethic committees (authorizations 12-
089; ethic committee CETEA-CEA DSV IdF). They were all born and bred in a laboratory
breeding colony (UMR 7179 CNRS/MNHN, France; European Institutions Agreement
#962773) and bred in our laboratory (Commissariat a 1I’Energic Atomique, centre de
Fontenay-aux-roses; European Institutions Agreement #B92-032-02). Conditions of captivity

were maintained as described previously.
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Critical ethic limit points were defined as one or more of the following observations: suffering
signs, prostration signs or general state degradation approved by the local veterinary. Weight
loss was not considered as a relevant criterion as mouse lemur’s weight varies a lot both
between weeks and seasons. Two control animals were euthanized for ethical reasons at 12
months post-inoculation because of abdominal infection from self-removal of abdominal
sutures after implant removal. Therefore, these animals were not evaluated by MRI at 12, 15

and 18 months post-inoculation or behavioral studies at 18 months.

7.2.2. Experimental design

The experiment (Table 6) was based on the inoculation of human brain homogenates from
AD patients (AD group) or CTRL age-matched subject (CTRL group) in the hippocampus
and subjacent cortex of mouse lemurs (n=6 animals per group). Group assignment of the
animals was performed on their scores on a jumping stand-based discrimination learning task
before the inoculation in order to obtain similar learning scores. Longitudinal cognitive,
electroencephalography (EEG) and anatomical MRI studies were performed up to 18 months

post-inoculation followed by immunohistopathological examinations of brain tissues.

Experimental protocol Ompi 3mpi O6mpi 9mpi 12mpi 1Smpi 18mpi

Rotarod test X X X X
Leamning tasks X X X X
Long-term memory tasks X X X
Electroencephalography X X X
MRI X X X X X X X
Inoculation X
Immunohistochemistry X

Table 6. Design of the mouse lemur experiment. n=6 animals/group. Inoculation at
3.5+0.2years. Euthanasia and immunohistochemistry at 5.0+0.2years. mpi: months post-

inoculation; MRI: Magnetic Imaging Resonance.

7.2.3. Human samples and homogenate preparation

The human samples and the homogenates used in this study were the same as used and
characterized our previous study (see 5.2.1, 5.3.1 and 5.3.2).
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7.2.4. Stereotaxic injections

Brain homogenates were injected bilaterally in the dorsal hippocampus (AP 1.25mm, DV
8.25mm, L +/- 2.5 mm) and subjacent parietal cortex (AP 1.25mm, DV 10.25mm, L +/- 2.5
mm) by stereotaxic surgery (Bons et al., 1998). Animals were fasted the day before surgery
with free access to water. Pre-anesthesia (atropine, 0.025mg/kg, subcutaneous injection) was
performed 30 minutes before anesthesia (Isoflurane,Vetflurane,4.5% for induction and 1-2%
for maintenance) as described previously (Dhenain et al., 2003). Animals were then placed in
a stereotaxic frame (Phymep, France). Burr holes were drilled in the appropriate location and
bilateral injections of 6.5uL of 10% weight/volume brain homogenates with 26-gauge needle
were performed in the dorsal hippocampus (injection speed: 1puL/min). Needles were kept in
place for an additional 2 minutes before they were slowly moved into the subjacent parietal
cortex where bilateral injections were also performed (same volume and injection speed as
described above). Needles were kept in place for an additional 5 minutes before being slowly
removed. Respiration rate was monitored during the whole experiment and body temperature
was maintained at 37+0.5°C with a heating blanket during surgery. Six animals received brain
extract from the control patient (CTRL-inoculated group) and 6 animals received brain extract
from AD patients (n=3/patient, AD-inoculated group). The surgical area was cleaned
(iodinate povidone, Vetedine, Vetoquinol, France), the incision was sutured and animals were
placed in an incubator (temperature 25°C) and monitored until recovery from anesthesia.

7.2.5. Behavioral studies

7.25.1. Rotarod test

Mouse lemurs were evaluated with the accelerating rotarod task (model 7750, Ugo Basile,
Italy) before inoculation and every 6 months after inoculation. The rod was a plastic drum, 5
cm in diameter, which was machined to provide traction. Animals were placed on the rotating
cylinder at 20 rotations per minute (rpm). The rod then accelerated steadily up to 40 rpm until
the end of the test which was reached when the animal fell or gripped on the rod during at
least three consecutive turns without stabilizing its balance. Latency to fall or grip on the rod
was recorded for each trial. Animals underwent 5 consecutive trials and the best result was
recorded. Values are expressed in seconds. The system was cleaned between each trial and

each animal.
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7.2.5.2.  Jumping-stand visual discrimination tasks

Cognitive test development

In association with this PhD thesis, we developed a new cognitive testing protocol based on
pairwise visual discriminations in a jumping stand apparatus (see Publications, Picq et al.,
2015).

This test was performed in an apparatus adapted from Lashley jumping stand apparatus which
is a vertical cage made of plywood walls except the front panel that is a one-way mirror

allowing observation (Figure 51).

Entering system

Opagque screen

Nest _-. ui/

Landing boards =421 .
with stimuli

Central station

Figure 51. Jumping-stand apparatus for visual discrimination tasks. (Picq et al., 2015).

Our first objective was to develop a fast, efficient and reliable test for cognitive evaluation in
this species. Indeed, previously developed testing procedures were very tedious and time-
consuming and could be subject to motivation issues resulting in high attrition rates (Joly et
al., 2006, 2014; Picq, 2007). Here we developed a time-effective testing procedure without
motivational issues particularly appropriate to mouse lemurs’ biology as this test was
designed for arboreal lifestyle animals. Indeed, only 20 to 40 trials to reach the success
criterion of the test were needed whereas, in earlier studies, 120 to 570 trials were required in
a touchscreen device (Joly et al., 2014) and 24 to 93 in a corridor device (Picq, 2007). Also, in
our testing procedure, the attrition rate was zero and inter-individual variability was not
excessive. This is important since the number of mouse lemurs available for experimental

studies is relatively limited as compared to rodents.

177



Chapter VII — Experimental transmission of Alzheimer’s disease endophenotypes to primates

Our second objective was to evaluate further age-related cognitive alterations in mouse
lemurs. We showed that some aged animals (> 6 years old) can present with long-term
memory impairments but not learning deficits and that young animals (<4.5 years old) do not
present with any cognitive impairments (see Publications, Picq et al., 2015). As, during this
study, this test was validated as a powerful tool to evaluate cognition in mouse lemurs, it will

be used for cognitive testing in our study.

Cognitive testing

Two discrimination tests were performed: a learning task and a long term memory task. These
tests consisted in a succession of visual discriminations during which the mouse lemur had to
jump from a central station heightened to one of two lateral boards allowing the access to a
reinforcing chamber containing a positive reward (i.e. the possibility to reach a safe nestbox
for a 2 minutes rest). Indeed, mouse lemurs prefer confined spaces therefore reaching their
nest when placed in an open space is a strong motivator for behavioral testing. The central
station can be progressively tilted downwardly causing a slippery slope pushing gently mouse
lemurs to jump if no jump is performed within one minute. Boards can be covered with
removable easily-discriminable patches of varied shape, texture and pattern (i.e. visual
discrimination clues). Each board can be locked in a stable position or unlocked to become
unstable and fall if a lemur jumps on it. For a pair of patches, the first patch is always
associated to a stable board giving access to the nest (positive stimulus). The second patch is
always associated to an unstable board that falls when a lemur jumps on it (negative
stimulus). During a discrimination task, the mouse lemur had to identify, the positive stimulus
giving access to the nest. Left/right locations of the stimuli were randomly alternated during
the attempts with the restriction of no more than three consecutive trials in the same
configuration. Testing continued until a success criterion, defined as at least 8 correct choices

out of 10 successive attempts, was reached.

Before the first test, lemurs were submitted to a habituation session composed of seven trials.
For the first four trials, only one fixed central board was attached just below the nestbox
opening. On trial 1, a cylindrical rod connected the central station to the board so that no jJump
was required to reach the nestbox. On trial 2, the rod was removed so that the mouse lemur
had to jump onto the central board to access its nestbox. On trials 3 and 4, an opaque vertical
screen was added above the middle of the board masking the nestbox opening. The mouse
lemur had to jump onto the board then walk under the screen to access its nestbox. For the last
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three trials, the fixed landing platform was placed alternatively to the left or to the right of the

nestbox opening which was masked by the opaque screen.

After the habituation session, mouse lemurs were tested for the first discrimination learning
task. They had to learn a discrimination task (i.e. a pair of patches) to test their learning
abilities. This task was first performed before inoculation. It was also performed 6, 12, and 18
months post-inoculation with, each time, a new discrimination task (i.e. a new pair of
patches). At each post-inoculation time-point, long-time retention was also evaluated as recall
testing of the discrimination task previously learnt 6 months before (Figure 52).

Inocul ation

Ompi 6mpi 12mpi 18mpi

Learning
tasks
Long-term ’ ' * ' '
memory tasks % % E

Figure 52. Overview of the cognitive testing design. Arrows indicate the sequence of the

different testing with black arrows designating a 6-month gap and gray arrows a one-day gap

between experiments. Symbols are not representative. mpi: months post-inoculation.

7.2.6. EEG study

7.2.6.1. EEG acquisition

EEG studies were conducted in mouse lemurs using telemetric devices (Infarinato et al.,
2015; Rahman et al., 2013). EEGs were performed before inoculation, 6, and 12 months after
inoculation. Briefly, animals received a pre-anesthesia (Diazepam 5mg/mL, Roche, France;
intramuscular injection of 200pL/100g animal) and were anaesthetized with isoflurane. A
wireless telemetry transmitter (2.5g; PhysioTel F20-EET; Data Science, St Paul, MN, USA),
equipped with the simultaneous recording for one EEG and one electromyogram (EMG)

channel (1-500 Hz sampling rate), was implanted in the abdominal cavity. The electrode
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leads were threaded subcutaneously from the abdomen to the skull. Electrodes were skull-
mounted and hold in place using dental cement on the dura-mater of the anterior frontal
cortex according to a stereotaxic atlas of the mouse lemur brain (Bons et al., 1998). For EMG
recording, bipolar electrodes were stitched into the neck muscles with non-absorbable
polyamide suture. Animals were monitored for respiration rate and body temperature during
surgery and monitored until anesthesia recovery. Animals were allowed to recover from
surgery for one week before recording. EEG and EMG data were continuously collected using
PC running Dataquest software (Data Science International, St Paul, MN, USA) thanks to a
receiver base (RPC-1, Data Science, St Paul, MN, USA) placed on the floor of the home cage
inhabited by the implanted animals. Electrodes and telemetry transmitter were then removed

using same experimental conditions after one week of recording.

7.2.6.2. EEG analysis

The EEG data was analyzed by Neuroscore v2.1.0 (Data Science International, St Paul, MN,
USA). Analysis was performed on multiple artefact-free 10 seconds periods of the awake
active state determined with locomotor activity recording (included in the telemetry data of
EMG recordings). We focused on delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma
(12-16 Hz), and beta (16-24 Hz) frequency waves. At each time point, each frequency power

was normalized according to mean values in the CTRL-inoculated animals.

7.2.7. MRI study

Morphological MRI was performed as described previously. MR images were recorded for
each animal before inoculation, 15 days after inoculation and then every 3mpi until 18mpi.
MR Images were analyzed using voxel-based morphometry as described previously (see
6.2.2.2). Fifteen days post-inoculation images were not included in this analysis. A general
linear model was designed based on multiple regressions to evaluate relative changes in GM
values as a function of time between the CTRL- and AD-inoculated groups. Longitudinal
follow-up of each animal was taken into account in the design matrix and total intracranial
volumes were taken as covariate of no interest. Two-tailed t-test contrast was performed to
compare the slope of GM evolution in the two groups. To control for multiple comparisons,
an adjusted p-value was calculated using the voxel-wise FDR g<0.05 with extent threshold
values of 10 voxels (Genovese et al., 2002). Voxels with a modulated GM value below 0.2

were not considered for statistical analysis.
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7.2.8. Histology

Mouse lemurs were euthanized with an overdose of sodium pentobarbital (100 mg/kg
intraperitoneally) and perfused intracardiacally with 4% paraformaldehyde in PBS. After
overnight post-fixation, brains were cryoprotected using overnight 15% and 30% sucrose
solutions. Brains were then frozen in isopentane and stored at -20°C. 40um-thick coronal
brains sections were cut on a microtome (SM2400, Leica Microsytem, Wetzlar, Germany)
and free-floating histological serial sections were preserved in a storage solution (glycerol
30%, ethylene glycol 30%, distilled water 30% and phosphate buffer 10%) until use.

7.2.8.1. Immunohistochemistry

Serial sections of the entire brains were used for f-amyloid (4G8), tau (AT8 and AT100) and
neuronal (NeuN) immunohistochemistry. Free-floating sections were rinsed in PBS 0.1M and
then incubated with hydrogen peroxide 0.3% for 20min. Human sections were used as
positive controls. Negative controls were obtained as the omission of primary or secondary
antibodies for each group. For 4G8 staining, 80% formic acid pretreatment was applied for 2
min. Pretreatment with PBS-Triton 0.5% (Triton X-100, Sigma Aldrich, MO, USA ) and 3%
Bovine Serum Albumin (BSA) blocking was performed before a 2-day incubation at +4°C
with either biotinylated 4G8 (Covance, NJ, USA, 1/250), AT8 (Pierce endogen, IL, USA,
1/100), AT100 (Pierce endogen, IL, USA, 1/100), and NeuN (Abcam, Cambridge, UK,
1/2000) antibodies. Secondary antibodies, biotinylated anti-mouse or anti-rabbit IgG (Vector
Laboratories, Burlingame, CA, USA), were incubated for 1 hour at +4°C before revelation.
ABC Vectastain kit (Vector Laboratories, Burlingame, CA, USA) was used to amplify DAB
revelation (DAB SK4100 kit, Vector Laboratories, Burlingame, CA, USA). Stained sections
were analyzed by two operators blinded to the group attribution.

7.2.8.2. Layer thickness evaluation

NeuN-stained sections were used to evaluate the thickness of the CA1 and CA3 pyramidal
layers, dentate gyrus granular layer, retrosplenial cortex and layer Il of the entorhinal cortex.
CAl, CA3 and DG regions were assessed from ten measurements per section, for 3
consecutive sections. The thickness of the anterior retrosplenial cortex (layer | to VI) was
measured on two consecutive sections as a mean of five measurements per section. Thickness

of the layer Il of the entorhinal cortex was measured as the mean of five measurements per
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sections for six consecutive sections. All sections selected for each layer represented the same

levels along the anteroposterior axis.

7.2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism software (San Diego, CA, USA).
Data are expressed as means + standard error of the mean (SEM). Data normality and
variance homogeneity were evaluated using Shapiro-Wilk and Cochran C tests, respectively.
Data from behavior experiments were transformed as reciprocal in order to obtain normality
and variance homogeneity. As values within CTRL-inoculated animals were very
homogeneous at each time post-inoculation, we replaced 18 mpi missing data from the two
CTRL animals that died by the worst values in the CTRL group at 18 mpi. EEG and neuronal
layer thickness data were evaluated by Mann Whitney’s tests. Spearman's rank correlations
were performed to examine relationships between EEG, neuronal layer thickness and
behavioral data. The proportion of animals presenting with amyloid lesion in the CTRL and
AD groups was compared with the Chi-square test. No statistical methods were used to

predetermine sample size.
7.3. Results

7.3.1. Macroscopic impacts of experimental transmission

7.3.1.1. Cognitive deficits

Motor function was assessed using a rotarod test before all cognitive evaluations and, as

expected, was not impacted by surgery or brain homogenate inoculation (Figure 53A).

Cognitive evaluation was performed every 6 months in a jumping-stand apparatus (Picq et al.,
2015). Before brain homogenate inoculation, discrimination acquisition abilities were similar
in the animals assigned to the AD- and CTRL-inoculated groups. AD- and CTRL-inoculated
groups similarly improved their learning abilities 6mpi. The CTRL-inoculated animals
continued to improve at 12mpi until reaching the best possible scores (dotted gray line), thus
showing learning set acquisition. On the contrary, animals from the AD-inoculated group

progressively worsened at 12 and 18mpi (Figure 53B).

For long-term memory performance, the CTRL-inoculated group always performed within

the best possible scores (dotted gray line). The AD-inoculated group was impaired as soon as
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6 months in the AD-inoculated group compared to the CTRL group and worsened at 18

months post-inoculation (Figure 53C).
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Figure 53. AD brain homogenate inoculation leads to cognitive impairments in primates
without motor deficiency. A. Absence of motor impairments during the rotarod task (p>0.05,
two-way ANOVA with Bonferroni post-hoc test). B. Learning discrimination tasks. Increase
in the number of trials in function of the post-inoculation time (p<0.05, two-way ANOVA
with Bonferroni post-hoc test) shows learning deficits in the AD-inoculated (AD) as
compared to the CTRL-inoculated (CTRL) group. C. Long term memory tasks. Increase in
the number of trials in function of the post-inoculation time (p<0.001, two-way ANOVA with
Bonferroni post-hoc test) shows long-term memory deficits in the AD-inoculated (AD) as
compared to the CTRL-inoculated (CTRL) group. * p<0.05; **p<0.01; ***p<0.001.
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7.3.1.2. Quantitative EEG alterations

To evaluate neuronal activity, we performed longitudinal studies of the active state EEG
profile in the frontal cortex (Figure 54A). EEG wave power densities of the AD- and CTRL-
inoculated groups were perfectly similar before inoculation (Figure 54B). Following
inoculation, the EEG wave power densities of the AD- were altered as compared to the
CTRL-inoculated group. Slow EEG wave (delta and theta frequency bands) were altered at 6
and 12mpi, with delta frequency band decrease and theta frequency band increase in the AD-
inoculated mouse lemurs compared to the CTRL-inoculated animals (Figure 54C-D). At
12mpi, fast waves (alpha, sigma, and beta frequencies) were increased in AD-inoculated
animals compared to CTRL-inoculated lemurs (Figure 54D). As the EEG electrodes were
placed on the frontal cortex distant from the injection sites, our results suggest that

inoculation of AD brain homogenates remotely altered neuronal activity.
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Figure 54. AD brain homogenate inoculation alters neuronal activity. A. Lateral 3D
representation of the left hemisphere of a generic mouse lemur brain indicating the EEG
implantation sites (red cross) in the frontal cortex and injection sites (black arrow) in the
dorsal hippocampus and overlying cortex. EEG power density normalized to arbitrary units
before inoculation (B), at 6mpi (C) and 12mpi (D) in function of delta (0.5-4Hz), theta (4-
8Hz), alpha (8-12Hz), sigma (12-16Hz) and beta (16-24Hz) frequencies; Mann-Whitney U
test; *p<0.05; **p<0.01; ***p<0.001; mpi: months post-inoculation.

Interestingly, long-term memory performance was correlated with the reduction of delta
(p=0.004, Figure 55A), increase of theta (p=0.056, Figure 55B) and increase of alpha
(p=0.02, Figure 55C) frequency power densities. This result suggests a relationship between

cognitive and neuronal activity alterations.
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Figure 55. Correlation of long-term memory impairments and neuronal activity
alterations in inoculated lemurs. Correlations between long-term memory performance and
delta (A), theta (B) and alpha (C) frequency power densities. Spearman correlation test;
*p<0.05; **p<0.01.

7.3.1.3.  Cerebral atrophy

MR images were acquired before, 15 days after and every three months after inoculation up to
18mpi. We observed the progressive development of cerebral atrophies in the AD- as

compared to the CTRL-inoculated group (Figure 56).
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Figure 56. Development of cerebral atrophy in AD-inoculated mouse lemurs. MR images
from two CTRL- or AD-inoculated animals before (left) and at 18mpi (right) showing the
development of cerebral atrophy with white CSF (white arrows) appearing in the temporal

lobe. mpi: months post-inoculation.

To evaluate and map this apparent cerebral atrophy, VBM analysis was performed. First, we
extracted the global effect of inoculation upon GM in each group as a function of time. As
expected, we did not detect any increase in GM over time in any group. We detected several
clusters indicating GM loss in both groups as a function of time (Figure 57A-B). However,
some structures, such as the inferior temporal lobe, were only affected in the AD-inoculated
group (Figure 57B). Indeed, GM loss in the entorhinal cortex, the amygdala, the ventral
hippocampus as well as the posterior cingulate and the retrosplenial cortices was specific of

the AD-inoculated group.

187



Chapter VII — Experimental transmission of Alzheimer’s disease endophenotypes to primates

/"- A
d 3 & .,i L) . &
\w - Am‘ ‘ “:0

,ﬂ's o

l "u
J_*! . 1,; o ‘.:}
i PC

Figure 57. Time-related gray matter loss. Statistical heatmaps of T values indicating the
significant clusters in which GM probability diminished as a function of time (FDR correction
p-value=0.05, Voxel threshold k extent=10) in the CTRL- (A) and the AD-inoculated (B)
groups. EC: entorhinal cortex, Am: amygdala; Hipp: hippocampal formation; PC: posterior

cingulate cortex; RS: retrosplenial cortex.

Then, we compared both groups in order to determine the regions differentially affected by
atrophy as a function of time. In the CTRL- group, no regions were found to be more

atrophied than the AD-inoculated group as a function of time (Figure 58).

Figure 58. Absence of time-related gray matter loss in the CTRL- as compared to the
AD-inoculated group. Absence of significant clusters in which GM probability diminished
as a function of time (FDR correction p-value=0.05, Voxel threshold k extent=10) in the

CTRL as compared to the AD group.
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Figure 59. Time-related gray matter loss in the AD group as compared to the CTRL
group. A. Statistical heatmap of T values indicating the significant clusters in which GM
probability diminished as a function of age (FDR correction p-value=0.05, Voxel threshold k
extent=10) in the AD- as compared to the CTRL-inoculated group. EC: entorhinal cortex,
Am: amygdala, Hip: hippocampal formation, IT: inferior temporal, PC: posterior cingulate
cortex, RS: retrosplenial cortex. B. 3D lateral view of the significant clusters (A) showing the
time-dependent diminution of GM probability in the AD- as compared to the CTRL-
inoculated group in the PC and RS (dark blue) and the temporal lobe (light blue). C. 3D upper
view of the significant clusters (A) showing the time-dependent diminution of GM probability
in the AD- as compared to the CTRL-inoculated group is mostly bilateral for the PC and RS
(dark blue) whereas lateralization is observed for the temporal lobe (light blue). Red crosses

indicate the injection sites.
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On the contrary, many regions were more affected by atrophy in the AD group as compared
to the CTRL group as a function of time (Figure 59A). No statistical difference was detected
at the injection sites (red crosses). This atrophy involved mainly the entorhinal cortex, the
amygdala, the ventral hippocampus, the posterior cingulate cortex and the retrosplenial cortex
(Figure 59B, Table 7). Interestingly, all these regions are part of the limbic system and
distant from the injection sites (Table 7). Although atrophy in the AD group involved both
hemispheres (Figure 59A), the comparison between the AD and the CTRL group revealed a
lateralization with the left hemisphere being more affected than the right (Figure 59C). The
two regions closer to the inoculation sites displayed a strong bilateral atrophy (retrosplenial
and posterior cingulate cortices, dark blue clusters) whereas the left temporal lobe was more
affected than the right one (entorhinal cortex, amygdala, ventral hippocampus, light blue
clusters). Atrophy was also found in other regions such as the parietal cortex and the caudate

nucleus (gray clusters; Table 7). No atrophy was detected in frontal or occipital regions.

Brain region involved in voxelwise clusters Cl(izt;:relssl)ze F}]);Ia{lf g;zlcutz d Peak T value
E.ntorhmal cortex, .amy.gdala, ventral 1562 S 0.0004 63952
hippocampus and inferior temporal cortex
Cingulate and retrosplenial cortices 1342 ek 0.0004 6.3777
Diagonal bandlofBrocl:a, fl’orm_x and 184 * 0.0013 57427
nucleus and stria terminalis
Ventral hippocampus 103 * 0.0109 4.2790
Caudate nucleus 70 o 0.0059 4.8479
Entorhinal cortex 59 * 0.0117 42231
Lateral temporal cortex 55 ** 0.0062 4.7998
Peri-third ventricule area 52 * 0.0112 4.2488
Inferior temporal cortex 47 * 0.0175 3.8968
Formnix and stria terminalis 33 o 0.0061 4.8140
Parietal cortex 31 o 0.0045 5.0162
Amygdala 30 * 0.0102 4.4005
Lateral temporal cortex 23 * 0.0221 3.6795
Amygdala 22 * 0.0267 3.4984
Parietal cortex 18 * 0.0227 3.6538
Amygdala 18 * 0.0255 3.5305
Inferior temporal cortex 17 * 0.0221 3.6785
Caudate nucleus 16 o 0.0067 4.7113
Fornix 15 * 0.0172 3.9105
Inferior temporal cortex 15 * 0.0193 3.7971
Caudate nucleus 14 * 0.0233 3.6270
Inferior temporal cortex 13 * 0.0234 3.0142
Inferior temporal cortex 13 * 0.0140 4.0705
Entorhinal cortex 11 * 0.0135 4.1200
Parietal cortex 10 * 0.0108 4.3009
Amygdala 10 * 0.0255 3.5285

Table 7. Regions affected by the time-related gray matter loss in the AD- as compared to
the CTRL-inoculated group.* p<0.05; ** p<0.01; *** p<0.001.
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7.3.2. Microscopic impacts of experimental transmission

7.3.2.1. Neuronal layer thickness

To evaluate the impacts of human brain homogenate inoculation on neurons, we measured
neuronal layer thickness in the hippocampal formation (CAl, CA3 and DG) as well as in the
entorhinal and retrosplenial cortices. Here, we observed that neuronal layer thickness was
decreased in the CA3 (-9.7%; * p=0.04; Mann-Whitney U test) and CAl (-8.6%; p=0.13;
Mann-Whitney U test) pyramidal layers in the AD- as compared to the CTRL-inoculated
group. Thicknesses of dentate gyrus granular layer and the layer Il of the entorhinal cortex

were not impacted by AD brain homogenate inoculation (Figure 60).

8.6%  9.7% B CTRL
oy mm AD
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Figure 60. Reduced neuronal layer thickness in the CA3 layer of the AD- as compared to
the CTRL-inoculated group. A. Representative CTRL animal stained with NeuN antibodies.
B. Representative AD animal stained with NeuN antibodies. C. Layer thickness measurement
normalized to mean CTRL values. DG: dentate gyrus; EC: entorhinal cortex; RS:

retrosplenial cortex; Mann-Whitney U test; scale bars: 1mm.
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7.3.2.2. 3-amyloidosis

We then assessed B-amyloidosis. We performed 4G8 immunohistochemistry and evaluated
the presence, type and location of A lesions. We only detected sparse AP lesions in AD-
inoculated mouse lemurs and none in the CTRL group (Figure 61). In one animal, we
detected sparse diffuse amyloid plaques in the inferior frontal cortex. Theses plaques were
located in the deep layers of the cortex, similarly to the ones observed in aged mouse lemurs
(Figure 61B). It is to note that they were distant from the EEG electrodes localization. In this
animal and two other AD-inoculated lemurs, we also detected sparse CAA in both large and
small vessels of various brain regions such as the cortex or the hippocampus (Figure 61C).
Overall, sparse AP lesions were detected in 50% of AD-inoculated lemurs and in 0% CTRL-
inoculated (*p=0.045, Chi 2=4.00, df=1).

A ’/"— el W{“\\ ] B

Figure 61. Sparse p-amyloidosis in the AD-inoculated animals. A. CTRL-inoculated mouse
lemur with no AP lesions. B. AD-inoculated animal with sparse amyloid plaques (insert). C-
E. Examples of large and small 4G8-immunoreactive vessels. Scale bars indicate 1mm (A-B)

and 50um for insert in B and C-E.

7.3.2.3.  Tau pathology

For the evaluation of Tau pathology, we performed immunohistochemistry using AT8 and
AT100 antibodies. We did not detect any Tau lesion in any of the animals from the CTRL-

and AD-inoculated groups either at the injection sites or any other brain region (Figure 62).
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This absence of Tau pathology was not related to a technical problem as it was detected in

positive controls (AD and aged transgenic mouse tissues).

CAl Cx EC

CTRL

AD

Figure 62. Absence of Tau pathology. Immunohistochemistry using AT8 antibodies in the
CTRL- and AD-inoculated animals. Representative images from the CA1, subjacent parietal

cortex (Cx) and the entorhinal cortex (EC). Scale bar: 100um.

7.3.2.4.  Astrocytic reactivity

Neuroinflammation has been proposed as a cofactor for seeding and is a hallmark of AD. We
performed immunohistochemistry using Glial Fibrillary Acidic Protein (GFAP) antibody that
recognizes an intermediate filament protein mostly specific of astrocytes. In case of
inflammation, astrocyte somas and primary processes are hypertrophied. This change in
morphology, from bushy to well-defined star-shape, is accompanied with the over-expression
of GFAP. As astrocyte basal morphology and density is very different from one region to
another, all brain regions were evaluated separately. No morphological difference could be

found between the two groups. Some regions are represented as examples (Figure 63).
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Figure 63. Absence of astrocytic reactivity. GFAP immunohistochemistry showing astrocyte
morphology in the CTRL- and AD-inoculated groups in the CA1 region of the hippocampus,
the subjacent parietal cortex (Cx) and the entorhinal cortex. Scale bar=100um.

7.4. Discussion

Since the discovery that prion diseases can be transmitted by afflicted brain tissue inoculation,
AD has been speculated to also harbor transmissible agents. Growing evidence suggests that
prion-like mechanisms might play a role in AD physiopathology. Indeed, similarly to PrP, A
and Tau pathologies are experimentally transmissible to animal models. However, such
transmission occurs seemingly without the development of the full spectrum of AD in mice
and primates (Baker et al., 1994; Kane et al., 2000; Ridley et al., 2006). This is in opposition

with prion diseases in which experimental transmission leads to clinical symptoms.

Until now, the induction of a clinical symptomatic phenotype by AD experimental
transmission remains uncertain, especially in primate models (Beekes et al., 2014; Stancu et
al., 2015; Walsh and Selkoe, 2016). In this study, we aimed to answer to these questions. We
investigated the impacts of AD experimental transmission in mouse lemur primates focusing

on functional and morphological endophenotypes of AD.

Mouse lemur’s characteristics allow evaluating AD experimental transmission in a context
closer to human sporadic pathology than transgenic mice. Here, we used adult mouse lemurs
(age=3.5+0.2years). Human brain homogenates (10% weight/volume) from AD patients or

control (CTRL) age-matched subjects were inoculated in the dorsal hippocampus and
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subjacent cortex of 12 adult mouse lemurs (n=6 animals per group). Human brain tissue
samples were issued from two AD patients (Braak stage VI and Thal stages 5 and 4,
respectively) and one control subject (Table 2 in 5.3.1). AD samples were characterized by
immunohistochemistry (Figure 33 in 5.3.1) and biochemistry (Figure 34 in 5.3.2).
Longitudinal cognitive assessments, EEG and morphological MRI studies were performed up

to 18mpi and followed by immunohistopathological examination of brain tissues.

7.4.1. Experimental transmission leads to cognitive alterations

Cognitive abilities were evaluated every 6 months by pairwise discrimination tasks in a
jumping-stand apparatus (Figure 51). Two tasks were performed for each animal (Figure 52).
The first one was a learning task that rated visual discrimination acquisition abilities; the
second one was a long-term memory task that assessed retention of the discrimination
problem learned 6 months before. Before inoculation, discrimination acquisition abilities were
similar in both groups but learning performance and long-term memory were progressively
altered in the AD group following AD brain homogenate inoculation (Figure 53B-C). Motor
function was not altered by inoculation (Figure 53A) showing that motor deficits were not
responsible for diminished cognitive performance.

In the literature, only very few experiments studied the impact of AD experimental
transmission on cognitive abilities. In marmosets, cognitive decline was not reported but no
specific test was performed (Baker et al., 1993, 1994; Maclean et al., 2000; Ridley et al.,
2006). In transgenic mice, AD brain homogenates inoculation did not impact long-term
spatial memory in a B-amyloidosis model (Kane et al., 2000) but preformed synthetic Tau
fibrils inoculation was shown to impair object recognition in a tauopathy model (Stancu et al.,
2015). As these mice spontaneously develop deficits in this task, at the same age, Tau fibrils

inoculation worsened but did not induced these alterations.

Here, we showed that AD brain homogenate inoculation induced long-term memory
impairments at younger age than normally detected in some aged animals (Figure 53B-C).
Also, in aged animals, we have shown that learning abilities are not impaired, even at very old
ages, up to 10 years-old (see Publications, Picq et al., 2015 and 7.2.5.2). In our study, AD
brain homogenate induced alterations of cognitive functions (learning) that are preserved even

in cognitively impaired old animals. This is relevant to human pathology in the sense that

195



Chapter VII — Experimental transmission of Alzheimer’s disease endophenotypes to primates

aged individuals can present with mild cognitive deficits but specific alterations are only
observed in AD (McKhann et al., 2011).

In conclusion, we showed that experimental transmission to mouse lemurs led to a specific

clinical phenotype similar to AD.

7.4.2. Experimental transmission leads to functional alterations

To evaluate neuronal activity, we performed longitudinal quantitative EEG studies of the
awake active state in the frontal cortex. AD brain homogenate inoculation progressively
altered EEG frequency power densities (Figure 54B-D). The functional role of specific EEG
frequency bands is still a matter of intense research (Roux and Uhlhaas, 2014). Comparable
EEG experiments were performed in a triple mutant transgenic mouse model. Similar
alterations were observed (Jyoti et al., 2015) before the development of subtle A and Tau
pathologies (Koss et al., 2013) suggesting that soluble AP or Tau assemblies may be
responsible for neuronal activity alterations in AD-inoculated lemurs.

Interestingly, evolution of long-term memory performance was correlated with the evolution
of the lowest EEG frequencies (delta, theta and alpha frequency bands) in the AD group
(Figure 55). In AD patients, alterations of these frequency bands are observed (Giannitrapani
et al.,, 1991; Huang et al., 2000; Mattia et al., 2003) and correlate with the severity of
cognitive impairments (Dierks et al., 1991; van der Hiele et al., 2007a, 2007b; Koenig et al.,
2005). These results suggest that neuronal activity alterations may play a part in long-term
memory impairment in mouse lemurs. In our study, cognitive testing and EEG recordings
were performed at an interval of two weeks. Performing EEG recordings during and right
after cognitive testing could allow us to further evaluate the relationship between neuronal
activity and cognitive alterations as their association remains elusive (Roux and Uhlhaas,
2014).

Finally, as EEG electrodes were placed on the frontal cortex distant from the injection sites
(Figure 54A), our results suggest that AD brain homogenates inoculation remotely altered
neuronal activity, suggesting a spreading mechanism from the injection sites to the frontal
cortex (local effect). As neuronal activity functions in networks, these alterations could also
reflect a network-wide impact (network effect). Such hypothesis calls for further experiments
using for example several EEG electrodes or functional MRI in order to evaluate network

synchrony.

196



Chapter VII — Experimental transmission of Alzheimer’s disease endophenotypes to primates

7.4.3. Experimental transmission leads to cerebral atrophy

Morphologically, AD is characterized by a progressive cerebral atrophy affecting the
hippocampus and various cortices. We recorded MR images of the brains of AD- and CTRL-
inoculated animals every three months and automatically evaluated GM evolution. Compared
to CTRL-, AD-inoculated animals displayed an atrophy of the retrosplenial and posterior
cingulate cortices, two areas close to the inoculation sites (Figure 59B-C, dark blue clusters).
Atrophy involved also further regions in the temporal lobe including the ventral hippocampus,
entorhinal cortex, amygdala, and the lateral and inferior temporal cortices (Figure 59B-C,
light blue clusters). These results show that AD brain homogenate inoculation decreases GM

in remote structures of the brain, suggesting a spreading mechanism.

In AD, atrophy starts in the temporal lobe and the most atrophied structures are the entorhinal
cortex, the amygdala and the hippocampus (de la Monte, 1989). In AD-inoculated lemurs,
atrophy mostly involves the temporal lobe suggesting a similar pattern of early atrophy.
Interestingly, similar damage to temporal regions is only observed during pathological aging
processes in mouse lemurs (Picq et al., 2012) and these regions are not atrophied during
normal aging (Figure 48 in 6.3.1 and Sawiak et al., 2014). Our results therefore suggest that

AD brain homogenate inoculation alters the cerebral atrophy pattern in mouse lemurs.

As atrophy of the entorhinal cortex and hippocampus is associated to cognitive impairments
in aged mouse lemurs (Picq et al., 2012), we propose that temporal atrophy in AD-inoculated

lemurs may play a part in the observed cognitive alterations.

7.4.4. Experimental transmission leads to sparse B-amyloidosis

Finally, we detected a reduction of neuronal layer thickness in some hippocampal regions
(Figure 60). Further examination will be required to determine if such atrophy could be
linked to neuronal loss. Nevertheless, this observation further confirmed an alteration of

neuronal integrity following AD brain homogenate inoculation in mouse lemurs.

Brain sections were evaluated for AP and Tau pathologies. To ensure the detection of
inoculation-related changes without spontaneous aging interference, inoculated mouse lemurs
were euthanized before reaching 6 years (5.0+0.2years) as we showed that some animals can
spontaneously develop B-amyloidosis and/or Tau pathology after this age (Figure 49 and
Figure 50 in 6.3.2).
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We detected very few cortical amyloid plaques (Figure 61B, 1 animal out of 6) and sparse
cortical amyloid angiopathy (Figure 61C, 3 animals out of 6) in 50% of the AD-inoculated
group. No lesions were found in the CTRL-inoculated group. As discussed previously (see
5.4.1), AP seeds are the agents responsible for -amyloidosis transmission contained in AD
brain homogenates. Our results further suggest a seeding phenomenon due to the introduction

of AP seeds in the brain of mouse lemur primates.

In the AD-inoculated animals, 3-amyloidosis was never localized at the injection sites. This is
consistent with previous marmosets studies, a primate with a similar lifespan in which sparse
-amyloidosis was observed after at least 3.5 years post-inoculation (Baker et al., 1993, 1994;
Maclean et al., 2000; Ridley et al.,, 2006). In transgenic mice, seeding effects were
predominantly seen at the level of the injection site (see Figure 37 and discussed in 5.4.1)
before spreading to other regions (Kane et al., 2000; Meyer-Luehmann et al., 2006; Ye et al.,
2015b). As lesions were not observed at the injection site but in various brain regions, this
suggests that AP seeds diffused widely into the brain of AD-inoculated lemurs. This diffusion
may be favored in the primate brain as compared to transgenic mouse brain by the fact that
primate AP is less expressed and therefore provides a less aggregation-prone environment.
Indeed, inoculated AP seeds in transgenic mice may be segregated to the injection site by
involvement with the host’s overexpressed AB. This hypothesis would explain why lesions in

primates are not preferentially localized in the inoculated structures.

We demonstrated previously that sparse B-amyloidosis only affects 25% of animals aged
more than 6 years (Figure 49 in Chapter VI — Mouse lemur model characterization). Here, in
younger animals that do not normally present with A lesions (5+0.2 years-old at euthanasia),
the percentage of AB-positive animals was doubled as compared to aged ones suggesting an
induction of the pathology. Indeed, if AP lesions had only been accelerated in animals who
would have spontaneously developed lesions while aging, the proportion of affected animals
should be similar in AD-inoculated and aged animals.

Taken altogether, our results show that B-amyloidosis was induced by experimental

transmission in mouse lemurs suggesting a seeding mechanism.

AP lesions were light as compared to what occurs in the brain of AD patients and transgenic
mouse models of AD. We demonstrated previously the seeding abilities of our AD

homogenates in two murine models of B-amyloidosis including a late and sparse B-
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amyloidosis model (Figure 37 and Figure 46 in Chapter V — Experimental transmission of -
amyloidosis to mice). In these experiments and accordingly to the literature (see 4.2.5), we
observed that the host was a critical parameter for AP seeding. Aged non-human primates
(Kimura et al., 2003; Lemere et al., 2008; Struble et al., 1985), including mouse lemurs
(Figure 49 in Chapter VI — Mouse lemur model characterization), can develop parenchymal
and/or vascular AP lesions but these lesions are sparser than in humans. In AD-inoculated
lemurs, P-amyloidosis induction was sparse, resembling spontaneous [p-amyloidosis
development. This result further emphasizes the role of the host in Ap prion-like mechanisms
and could be responsible for this absence of severe AP lesions following AD brain

homogenate inoculation.

Also, we did not detect any Tau lesions. This result is consistent with previous marmoset
studies (Baker et al., 1993, 1994; Maclean et al., 2000; Ridley et al., 2006) and the fact that, in
suspected cases of human-to-human transmission, AP deposition occurred without Tau
pathology (Frontzek et al., 2016; Jaunmuktane et al., 2015; Kovacs et al., 2016; Preusser et
al., 2006). In addition, Tau pathology, as found in humans, is unusual in non-human primates,
including mouse lemurs (Figure 50 in Chapter VI — Mouse lemur model characterization)
suggesting a relative resistance to tauopathy (Heuer et al., 2012). Therefore, similarly to AP,
host effects may explain why Tau seeding was not observed in AD-inoculated lemurs.
However, to ensure that the lack of Tau pathology in AD-inoculated mouse lemurs is not
linked to an absence of seeding effects of our homogenates, we are currently evaluating their
seeding properties in a mouse model of tauopathy. Also, further experiments will be required
at longer incubation time to conclude on Tau prion-like mechanisms in mouse lemurs as A

and Tau lag time may be different.

The animals presenting AP lesions were inoculated with one or the other AD patient.
Consistently with our results in transgenic mouse models of B-amyloidosis, we did not
observe any strain effect relative to the inoculated homogenate (see 5.4.4). Moreover, in
accordance with marmoset studies, amyloid plaques and CAA did not differ in morphology or
localization as compared to aged animals following inoculation (Baker et al., 1993, 1994;
Maclean et al.,, 2000; Ridley et al., 2006). This suggests that AD brain homogenate
inoculation did not modify AP deposition in primates. It has been proposed that, in humans,
AP deposit morphology depends more on their maturation over time and localization than

upon a strain effect (Eisele and Duyckaerts, 2016). Taken altogether, B-amyloidosis
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transmission in mouse lemurs did not seem to present with a strain effect. However, in AD-
inoculated lemurs, 50% of animals presented with CAA affecting mostly cortical areas
whereas only 1 animal out of 6 developed amyloid plaques. Interestingly, we observed that
CAA is only present in 10% of aged mouse lemurs (Figure 49 in Chapter VI — Mouse lemur
model characterization). Similarly, in suspected cases of human-to human transmission, CAA
was systematically reported (Frontzek et al., 2016; Jaunmuktane et al., 2015; Kovacs et al.,
2016; Preusser et al., 2006). These observations suggest that CAA may be a typical hallmark

of B-amyloidosis transmission.

Finally, we did not detect any obvious signs of astrocytic reactivity in any mouse lemurs.
Astrocyte and microglia reactivity is mostly observed around AP and Tau lesions in AD
patients and transgenic models (Duyckaerts et al., 2009; Vehmas et al., 2003). As AP lesions
were sparse and no Tau pathology was observed, this could explain the absence of astrocytic

reactivity in AD- and CTRL-inoculated lemurs.

7.4.5. Mechanistic hypotheses

Our study demonstrates for the first time that cognitive, functional and morphological
alterations can be induced by AD experimental transmission in primates. These alterations
developed progressively and some were not detected at 6mpi but became obvious at 12 or
18mpi. These observations rule out an immediate effect of the homogenates and suggest an

evolving mechanism.

The fact that the brain structure and function alterations occurred in the absence of severe
neuropathological lesions is striking. Indeed, the induction of clinical symptoms after
inoculation of pathologic brains in the absence of detectable pathological protein
accumulation has already been reported for classical prion diseases (Lasmézas et al., 1997)
but never in the context of AD-pathology. Indeed, in prion diseases, amyloid seeding can be
dissociated from disease transmission. Symptomatic spongiform encephalopathy can be
transmitted without PrP deposition in the brain (Lasmézas et al., 1997; Piccardo et al., 2013)
and, conversely, PrP deposition can be transmitted without producing a symptomatic outcome
(Barron et al., 2016; Piccardo et al., 2007). For AD, such dissociation may also be observed as
behavioral outcomes are almost never worsened although protein deposition is accelerated

(Kane et al., 2000; Stancu et al., 2015). Conversely, in mouse lemurs, we observed disease
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transmission without protein deposition in the brain. These results suggest dissociation

between agents leading to toxicity and agents leading to non-symptomatic deposition.

Such hypothesis is supported by observations in humans. Indeed, non-symptomatic
individuals can present with protein deposition. Also, cases have been reported as presenting
with functional deficits and atrophy without AP pathology ("suspected non-
Alzheimer’s/amyloid pathophysiology”, SNAP) (Chételat et al., 2016; Jack, 2014). Recently,
a classification of the major AD biomarkers into 3 categories for AP, Tau or neuronal injury
biomarkers emphasized the possibility to detect AD-related neurodegeneration in the absence
of strong AP and/or Tau lesions (Jack et al., 2016). Finally, in AD patients, the severity of the

disease does not correlate or exceeds deposited lesions (Gémez-Isla et al., 1997).

Our results suggest that neuropathological lesions cannot be held responsible for the deficits
observed. This is consistent with accumulating evidence that deposited aggregates are not the
most toxic species and that soluble assemblies may drive the toxicity. Therefore, the prion-
like hypothesis of AD should not be restrained to the identification of deposited A and Tau
lesions. It has been proposed that seeding processes should not be restrained to the
identification of AP plaques as other species might be seeded and lead to stronger functional
impacts without deposition (Barghorn et al., 2005). Indeed, in vitro, Ap oligomers self-
propagate in a prion-like manner (Kumar et al., 2014) and are responsible for neuronal death
(Dean et al., 2016). However, whether soluble AP assemblies, thought to be the most toxic

species, can also be seeded in vivo remains to be determined (Meyer-Luehmann et al., 2006).

It is more and more commonly admitted by the scientific community that soluble species are
responsible for neurotoxicity (Cobb and Surewicz, 2009) and that deposition may represent a

way to segregate toxic assemblies.

Soluble assemblies of AP and Tau can lead to cognitive deficits. Also, in animal models,
cognitive impairments can develop before B-amyloidosis (Hsia et al., 1999) and injection of
oligomeric AP assemblies lead to cognitive deficits (Gandy et al., 2010). Small and soluble
AP seeds are potent inducers of cerebral B-amyloidosis (Langer et al., 2011). Also, in the only
experiment showing worsened cognition after preformed synthetic Tau fibrils inoculation in a
tauopathy model, an increase in Tau oligomers was detected. The authors suggested that early

pathological forms of Tau may be responsible for the observed deficits rather than NFTs
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(Stancu et al., 2015). Induction of cognitive deficits in mouse lemurs following AD brain

homogenate inoculation may therefore rely on soluble AB and/or Tau assemblies.

In transgenic mice, EEG frequency alterations were shown to precede deposition and soluble
AP and Tau species were suggested to play a major role in generating these alterations (Jyoti
et al., 2015). The mechanisms leading to EEG alterations are not yet well understood (Palop
and Mucke, 2010) and may be linked to AB pathology in AD patients (Mander et al., 2015).
Therefore, EEG alterations in mouse lemurs following experimental transmission may be
induced directly by soluble AB and/or Tau assemblies or indirectly through neuronal death or
network alterations (Palop and Mucke, 2010).

On the contrary, cerebral atrophy may rely more on Tau assemblies. Indeed, it correlates with
neuronal loss (Zarow et al., 2005) and Braak stages (Jack et al., 2002; Vemuri et al., 2008;
Whitwell et al., 2008) but not well with AB load (Josephs et al., 2008). In addition, neuronal
loss have been shown to correlate with but exceed the number of NFTs (Gémez-Isla et al.,
1997) suggesting that non-deposited assemblies may underlie cerebral atrophy. In our study,
we observed that atrophy mainly involved the temporal lobe of AD-inoculated lemurs (Figure
57B and Figure 59). In aged lemurs, we showed that AT8-positive Tau species preferentially
accumulate in the temporal lobe where AP plaques were never found (Figure 49, Figure 50,
Table 4 and Table 5 in Chapter VI — Mouse lemur model characterization). One hypothesis
may be that soluble Tau assemblies could potentially play a part in the development of

cerebral atrophy both in aged and AD-inoculated lemurs.

We hypothesize that the alterations of brain structure and function observed after AD
experimental transmission may rely on soluble AP and Tau assemblies. Indeed, our results are
coherent with the hypothesis of the self-propagation of non-deposition-prone Ap and/or Tau
assemblies as strong functional and morphological outcomes progressively developed in the
absence of proteinaceous deposition. Indeed, the progression of the endophenotypes seems to
exclude a toxicity resulting only from the injection of soluble species and suggest a
progressive replication of these species in the brain.

In accordance with our hypothesis, soluble forms of AP or Tau can initiate a self-replicating
process both in vitro (Dean et al., 2016; Kumar et al., 2014) and in vivo (Clavaguera et al.,
2009; Langer et al., 2011). Very recently, it has been shown that oligomeric forms of Tau

could be seeded without NFTs formation in a non-symptomatic model of tauopathy, ALZ17
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(Baker et al., 2016). Also, AP oligomers can travel quickly and widely in the brain (Epelbaum
et al., 2015) raising the possibility that such soluble seeds may mediate the spread of toxic
assemblies in the brain. As soluble assemblies usually escape detection by
immunohistochemistry (Thal et al., 2015), other experiments will have to be performed to
demonstrate our hypothesis and to identify the relative contribution of soluble species to the

observed toxicities.

Absence of available models with fully developed AD pathology strongly limits AD research
in particular for the evaluation of AP and Tau relationship. Similarly to AP and Tau, their
relationship could also rely on prion-like mechanisms. Indeed, experimentally, AP seeds have
been shown to accelerate Tau pathology whereas the reciprocal has never been observed. In
humans, Tau pathology precedes AB’s in many systems such as the entorhino-dentate circuit.
If AP pathology seems to be necessary to promote Tau pathology in the cortex, the role of Tau
in AP pathology remains to be understood. Experimental transmission of purified Ap and/or
Tau seeds to mouse lemur could represent an interesting model to decipher both AB and Tau
seeding and spreading mechanism and evaluate the relationship between AP and Tau in the

context of AD.

As a conclusion, our results complement recent evidence supporting the involvement of
prion-like mechanisms in AD as well as B-amyloidosis iatrogenic transmission in humans
(Frontzek et al., 2016; Jaunmuktane et al., 2015; Kovacs et al., 2016; Preusser et al., 2006).
However, our results are in contradiction with the current view that AD-related lesions rather
than AD may be subject to prion-like mechanisms (propagons vs prions) (Eisele and
Duyckaerts, 2016; Kovacs et al., 2016). Indeed, we demonstrated than an AD-like pathology
can be transmitted from humans to primates. Our study provides strong arguments to further
evaluate functional outcomes in potentially contaminated individuals. Such study is currently
being performed by M. Jucker’s team on a cohort of 700 epileptic patients who have gone
through brain surgery over the last 25 years. For this cohort, both histopathological features
and cognitive status, that was recorded before surgery and at regular intervals after surgery,
will be examined. This study will provide evidence for or against the transmissibility of AP
and Tau pathologies as well as their functional consequence in a context free of concomitant
CJD (Abbott, 2016).

Apart from specific iatrogenic conditions, there is no evidence that AD is transmissible
between humans (Beekes et al., 2014; Edgren et al., 2016; Schmidt et al., 2012) and current
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knowledge favor endogenous generation of AP and Tau seeds in the brain. Identifying the
origin of the formation of these first seeds will be critical to understand the physiopathology
of AD. We proposed that self-propagating soluble assemblies may be responsible for the
development of clinical alterations. Demonstrating this hypothesis will be crucial to
understand their relative toxicity and relationship regarding the observed symptomatic
pathology. Such identification could represent a critical step for the understanding of AD and

the development of disease-relieving strategies.
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Alzheimer's disease (AD) is characterized by the accumulation of misfolded and aggregated

B-amyloid (AP) and tau proteins. latrogenic induction of amyloidosis has recently been
suggested in patients who received pituitary-derived hormone treatment or dural grafts
presumably contaminated with AB. Induction of AP and/or Tau lesions by experimental
transmission has been demonstrated in various models but almost no functional consequences

were observed.

Here we demonstrate for the first time that AD experimental transmission progressively leads
to cognitive impairments, neuronal activity modifications, and cerebral atrophy in primates.
These clinical outcomes are dissociated from severe immunohistopathologically detectable
AP or Tau lesions. Our results support the hypothesis that non-deposited toxic A and/or Tau

assemblies may self-propagate within the brain leading to a pathological AD-like phenotype.

This new paradigm provide compelling evidence for the role of Ap and Tau seeds in the
instigation and progression of AD and reinforces the interest of targeting proteopathic seeds,
preferably early in the pathology.
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Since the discovery of the transmissible character of prion diseases, other cerebral
proteopathies have been suspected to harbor similar transmissible properties. Among these
diseases, growing evidence supports the concept that AD is initiated and sustained by the
misfolding and aggregation of AP and Tau proteins. This “prion-like” mechanism is virtually
identical to that of PrP in prion diseases (Prusiner, 1998). Experimental transmission is a
useful tool to evaluate the “prion-like hypothesis of AD” in animal models. It requires the
inoculation of proteopathic AP and/or Tau seeds obtained in vitro or from pathologic brains
homogenization. Here we evaluated experimental transmission of AD endophenotypes to

mice and mouse lemur primates.

First, we showed that B-amyloidosis is transmissible to mice by intracerebral AD brain
homogenates inoculation. We showed that the host is a modulator of B-amyloidosis
transmission using early and late amyloidogenic mouse models. We identified a typical
hallmark of B-amyloidosis transmission (callosal amyloidosis) and suggest that it could be an
inoculation-dependent signature of both prion and prion-like transmission in rodents. We also
showed the absence of “strain phenomenon” in two sporadic AD patients and suggest that AD
AP strains may rely more on primary aminoacidic sequence than PrP strains and present with
less conformational flexibility (Watts et al., 2014). Finally, we investigated Ap spreading in
our two models and we propose that AP spreading is dependent on APP expression and

spontaneous aggregation.

Then, we characterized the physiological and pathological aging processes of mouse lemurs.
Physiological aging in mouse lemurs is accompanied by an age-related cerebral atrophy that,
contrary to pathological aging, does not involve the inferior temporal lobe and hippocampus.
We characterized the proportion of mouse lemurs AD-related histopathological lesions and
we showed that, like other non-human primates, they present with a relative resistance to both

pathologies that do not resemble the massive lesions observed in humans.

Several questions remain to be answered such as deciphering the impacts of B-amyloidosis
transmission. Indeed, it has been suggested that, if B-amyloidosis might be transmissible
between humans, AD clinical phenotype is not reproduced, contrasting with prion diseases

(Kovacs et al., 2016). Indeed, whether the “pathogenic spread” of AD-related proteins causes

AD symptom onset remains uncertain (Walsh and Selkoe, 2016). In prion diseases,

experimental transmission is achieved in primates and leads to clinical symptoms.

209



Conclusions and Perspectives

Here, we investigated these questions in mouse lemurs and demonstrated for the first time that
AD experimental transmission progressively leads to cognitive impairments, neuronal activity
modifications, and cerebral atrophy in primates. These clinical outcomes are dissociated from
severe immunohistopathologically detectable AP or Tau lesions. Our results are consistent
with accumulating evidence that deposited aggregates are not the most toxic species and that
soluble assemblies may drive the toxicity. Such dissociation has already been reported for
prion diseases (Lasmézas et al., 1997) but never in the context of AD.

Our results support the hypothesis that non-deposited toxic AP and/or Tau assemblies may
self-propagate within the brain leading to a pathological AD-like phenotype. Such hypothesis
is supported by SNAP cases (Chételat et al., 2016; Jack, 2014). We propose that the prion-like
hypothesis of AD should not be restrained to the identification of AR and Tau deposited
lesions and that non-deposition prone AP and/or Tau assemblies may propagate and lead to
strong functional and morphological outcomes. Our results provide evidence for the role of
AP and Tau seeds in the instigation and progression of AD and reinforces the interest of

targeting proteopathic seeds, preferably early in the pathology.

Self-propagation of soluble species may explain the relative resistance of mouse lemurs to A
and Tau lesions and the development of AD-like cerebral atrophy and cognitive deficits while
aging or after AD experimental transmission. Further experiments will be needed to confirm
the hypothesis but this model may allow the evaluation of Ap and Tau prion-like and toxic
mechanisms as well as their interaction. It could also provide an interesting model for the

evaluation of therapies targeting soluble assemblies.

As a conclusion, our results complement recent evidence supporting the involvement of
prion-like mechanisms in AD as well as the suspicion of iatrogenic induction of [-
amyloidosis in humans (Frontzek et al., 2016; Jaunmuktane et al., 2015; Kovacs et al., 2016;
Preusser et al., 2006). Contrary to the current view that AD per se is not transmissible, we
demonstrate that an AD-like pathology can be transmitted from human to primate. Our results
provide strong arguments to further evaluate functional outcomes in potentially contaminated
individuals. Current knowledge suggest the endogenous generation of AP and Tau seeds in
the brain. Identifying the origin of the formation of these first seeds and their self-propagation
mechanisms will be critical to understand the physiopathology of AD. It will also favor the
development of disease-relieving strategies as patients’ early care, prior to symptomatic
stages, is likely to be an efficient strategy against this devastating disease.
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Abstract

Alzheimer's disease (AD) is characterized by the accumulation of misfolded and
aggregated B-amyloid (AB) and tau proteins. latrogenic induction of amyloidosis has recently
been suspected in patients who received pituitary-derived hormone treatment or dural grafts
presumably contaminated with ABl’Z. Induction of AP and tau lesions was demonstrated in
transgenic mouse models after contamination with AD brain homogenates®* despite very
limited functional consequences®. Here we show for the first time in a primate (Microcebus
murinus) that intracerebral inoculation of human AD brain homogenates induces substantial
functional and morphological changes. After several months, these include progressive
cognitive impairments, modifications of neuronal activity, widespread cerebral atrophy, and
reduction of hippocampal neuronal layer thickness. This demonstrates that agents inducing a
clinical outcome can be transmitted experimentally. However, strikingly, the clinical signs
were observed in absence of severe parenchymal or vascular amyloid deposition or
aggregated tau lesions. The toxic species leading to the pathological phenotype are thus
probably soluble and are aggressive enough to induce a neurodegenerative process. More
importantly, the progressive occurrence of widespread morphological defects suggests that
the toxic species propagate to the whole brain, which supports their ability to induce a self-
replicating process. This new paradigm opens avenues for further exploration of the

physiopathology of Alzheimer's disease.
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There has been longstanding interest as to whether Alzheimer's disease (AD) might be
transmissible®. In humans, patients exposed to cadaver-derived hormones or dural grafts
presumably contaminated with $-amyloid peptide (AB) have a higher risk of developing early-
onset AP pathology than non-exposed subjects™?. Experimental induction of amyloidosis or
tauopathy has been described in rodents after intracerebral and even peripheral contamination
with AD brain homogenates”®. However none of the transmission studies with AP or tau
inocula provided evidence for pronounced cognitive decline or neurodegeneration®. Aged
non-human primates can naturally develop amyloid lesions™, but most studies of AD brain
homogenate inoculation in primate species ranging from chimpanzees to marmosets have not
revealed AD-specific histopathological hallmarks'. A single long-term study in marmosets
did reveal the induction of sparse amyloidosis 3.5 to 7 years post-inoculation, but there was
no evidence of cognitive decline, neurodegeneration, functional AD hallmarks, or other
clinical signs'. This calls for more clinical analysis in primates after inoculation of AD brain

homogenates.

In this study, we used a multimodal approach including non-invasive methods to
evaluate the impact of inoculation of human AD brain homogenates on both brain function
and integrity in mouse lemur primates (Microcebus murinus). These small-sized primates
(body length: 12cm; weight: 60-120g) have a maximal lifespan of 12 years and are considered
"old" after 6 years'®, after which up to 25% of animals can spontaneously develop cognitive
impairments, cerebral atrophy, and/or histopathological lesions such as amyloidosis or
tauopathy™**®. Human brain homogenates (10% weight/volume) from AD patients or control
(CTRL) age-matched subjects were inoculated into the dorsal hippocampus and adjacent
cortex of 12 adult mouse lemurs (n=6 animals per group, age=3.5+0.2 years). Longitudinal
cognitive assessments, electroencephalography (EEG) and morphological MRI studies were
performed up to 18 months post-inoculation (mpi) and followed by immunohistopathological

examination of brain tissues (age=5.0£0.2 years, Supplementary Table 1).

Human brain tissue samples were from two AD patients (Braak stage VI and Thal
phases 5 and 4, respectively) and one control subject (Supplementary Table 2).
Immunohistochemistry revealed typical amyloid plaques and tau lesions in the AD patients
but not in the control subject (Extended Data Fig. 1a-f). Biochemical analysis detected Api.42
only in AD brain homogenates. Western blotting showed a typical shift of AD tau-Cter
triplet'” and pathological pS396 positive tau only in AD samples (Extended Data Fig. 1g-i).
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Cognitive evaluation was performed every 6 months in a jumping-stand apparatus™
(Fig. 1a) and consisted of two tasks (Fig. 1b). The first was a learning task that rated visual
discrimination acquisition abilities, while the second was a long-term memory task that
assessed retention of the discrimination problem learned 6 months before. In the learning task,
before brain homogenate inoculation, animals assigned to AD- and CTRL-inoculated groups
performed similarly (Fig. 1c). Animals from both groups showed similar improvement in their
learning abilities 6 months after inoculation (Fig. 1c). However, performance then diverged
with CTRL-inoculated animals further improving at 12 mpi until reaching the best possible
scores (thus demonstrating learning set acquisition) while the AD group instead progressively
worsened at 12 and 18 mpi, with overall performance significantly lower than that of CTRL-
animals (Fig. 1c). In the long-term memory task, the overall performance of the AD-
inoculated group and their performances at 6 and 18 mpi were significantly lower than those
of CTRL-animals (Fig. 1d). Motor function was assessed using a rotarod test prior to

cognitive evaluations and did not reveal any significant difference between groups (Fig. 1e).

To evaluate neuronal activity, we performed longitudinal EEG studies in the frontal
cortex during the active state. At 6 mpi, slow wave EEG frequencies were altered, with a
decrease in delta frequency and an increase in theta frequency in the AD-inoculated lemurs
compared to the CTRL animals (Fig. 2b). Also, delta frequency was correlated with long-term
memory abilities (p=0.009, Extended Data Fig. 2a). This result is consistent with the reported
relationship between slow-wave oscillations and memory consolidation in humans™. At 12
mpi, AD-inoculated lemurs still displayed a significant decrease in delta frequency and their

fast waves (alpha, sigma, and beta) were significantly increased (Fig. 2c).

Our results suggest that inoculation with AD brain homogenates alters neuronal
activity. This is consistent with data in humans showing that AB-pathology is linked to
alterations of slow-wave generators?’. Interestingly, the EEG electrodes were placed on the
frontal cortex distant from the injection sites. This suggests a remote impact of pathologic
brain inocula. Taken together, behavioral and EEG results show that inoculation of AD-brain

homogenates leads to progressive cognitive and functional impairments in mouse lemurs.

Morphologically, AD is characterized by progressive cerebral atrophy affecting the
hippocampus and the cortex. We recorded MR images of the brains of AD- and CTRL-
inoculated animals every 3 months. Automated voxel-based analysis was performed to study

gray matter atrophy. Compared to CTRL-inoculated, AD animals displayed a strong bilateral
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atrophy of the retrosplenial and posterior cingulate cortices, two areas close to the inoculation
sites (Fig. 3a-c, dark blue clusters in b-c; Supplementary Table 3). Atrophy also involved
temporal regions including the hippocampus, entorhinal cortex, amygdala, and the inferior
temporal cortex (Fig. 3a-c, light blue clusters in b-c). For these structures, the left hemisphere
was more affected than the right one. Atrophy was also identified in the diagonal band of
Broca, fornix, stria terminalis, parietal cortex and caudate nucleus (Fig. 3a-c, gray clusters in
b-c; Supplementary Table 3). The widespread morphological defects suggest a propagation of
the toxicity to the whole brain resulting from the focal administration of AD brain
homogenates. Interestingly, in lemurs, atrophy of temporal and hippocampal regions, similar
to that reported in the current study, is associated with pathological aging processes'®, while
these regions are not atrophied during normal aging®.

The animals were euthanized 18 mpi, at 5 years of age. Brain sections were stained
with NeuN antibody and neuronal layer thickness was evaluated in the hippocampus and in
regions directly communicating with it (Fig. 4a-c). The thickness of CAl, CA3 pyramidal
layers and dentate gyrus granular layer were positively correlated with each other (all
p<0.05). The thicknesses of CAl and CA3 pyramidal layers were respectively 8.6% and 9.7%
lower in AD-inoculated animals than in CTRL (p=0.13 and p=0.04, respectively, Fig. 4c).
The thickness of CA1 was negatively correlated with learning abilities of the animals (p=0.04,
Extended Data Fig. 2b). The thickness of the dentate gyrus granular layer, layer Il of the
entorhinal cortex and retrosplenial cortex was not impacted by inoculation with AD brain
homogenates (Fig. 4c).

Brain sections were then evaluated for AP and tau pathologies. As expected, CTRL-
inoculated animals did not show any amyloid deposits. Surprisingly, we detected very few
cortical amyloid plaques (Fig. 4d-e) or amyloid angiopathy (Fig. 4d-h) in AD-inoculated
animals. However, the proportion of mouse lemurs harboring amyloid positive lesions was
increased in the AD-inoculated animals as compared to CTRL-inoculated ones (3/6 versus
0/6, Chi-square=4.00, df=1, p=0.045). In the AD-inoculated animals, amyloidosis was never
localized close to the injection sites, and no tau lesions were detected with AT8 or AT100
staining. We also did not detect obvious signs of glial reactivity in any mouse lemurs
(Extended Data Fig. 3).

Our results support the transmission of AD pathology by brain inocula in primates and

complement recent evidence supporting iatrogenic induction of amyloidosis in humans™?.
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Contrary to previously published data, we demonstrate for the first time a clinical impact of
the inoculation of AD brain homogenates as they resulted in pronounced cognitive, functional
and morphological alterations. Most alterations were not detected 6 mpi but became obvious
at 12 mpi ruling out an immediate toxicity of the homogenates. These results provide strong
arguments for further evaluating functional outcomes in humans potentially contaminated

with amyloid-positive tissues.

The ability to induce a neurodegenerative process in AD-inoculated mouse lemurs
despite the absence of severe neuropathological lesions is striking. The induction of clinical
symptoms in the absence of detectable pathological protein accumulation after inoculation of
brain homogenates was previously reported for classical prion diseases? but never in the
context of AD. The functional deficits accompanied by atrophy without tau or Ap pathology
bear some similarity to cases of "suspected non-Alzheimer’s pathophysiology (SNAP)"
meaning individuals with imaging evidence of AD-like neurodegeneration without f-
amyloidosis (reported to be 9 to 21% of subjects clinically diagnosed with AD?®). The recent
"Amyloid/Tau/Neurodegeneration” classification of AD biomarkers has further emphasized
the possibility of detecting AD-related neurodegeneration in the absence of strong amyloid or

tau lesions®*,

Studies in humans have shown that neuronal loss contributing to cognitive alterations
is not correlated with amyloid deposits and exceeds substantially the number of neurons with

2627 and can

pathological tau lesions®. Conversely, soluble forms of AB or tau are highly toxic
initiate a self-replicating process®. Our results, in a non-human primate less prone to
developing amyloid plaques or tau lesions than humans or transgenic mice®®, strongly suggest
the following: 1) agents inducing toxic species, not detected by immunohistology, can be
transmitted experimentally; 2) these toxic species are aggressive enough to induce a
neurodegenerative process; and 3) the widespread morphological defects provide evidence for
a propagation of these species to the whole brain. Our conclusion is that these transmissible

toxic species are a critical target for future therapeutic strategies against Alzheimer's disease.
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Methods

Animals and overall experimental plan

Experiments were conducted on 12 adult gray mouse lemurs (Microcebus murinus)
(males, age=3.5£0.2 years). They were all born and bred in a laboratory breeding colony
(UMR 7179 CNRS/MNHN, France; European Institutions Agreement #962773). Animals
were maintained under a constant temperature of 24-26°C and relative humidity of 55% and
were housed in individual cages with jumping and hiding enrichment. Seasonal lighting
(summer: 14 hours of light/10 hours of dark; winter: 10 hours of light/14 hours of dark) was
applied so as to coincide with the seasonal rhythm of the animals. Food consisted of fresh
apple and a homemade mixture of banana, cereals, eggs and milk, and animals had free access
to tap water. Before entering the study, all animals were checked for health and given an
ophthalmologic examination. None of the animals were previously involved in
pharmacological trials or invasive studies. The experiment was based on the inoculation of
human brain homogenates from AD patients (AD group) or CTRL age-matched subject
(CTRL group) in the hippocampus and adjacent cortex of mouse lemurs (n=6 animals per
group). Group assignments of the animals to the two groups were performed in order to obtain
two homogeneous groups with respect to learning abilities before the inoculation.
Longitudinal behavioral, EEG and morphological MRI studies were performed up to 18 mpi
followed by immunohistopathological examinations of brain tissues (age of
death=5.0+0.2years, Supplementary Table 1). The investigators were blinded to the group
allocation when assessing these outcomes. Two control animals were euthanized for ethical
reasons at 12 mpi due to an abdominal infection following self-removal of abdominal sutures
after wireless telemetry transmitter explantation. Therefore, these animals were not evaluated

by MRI at 12, 15 or 18 mpi or for behavioral studies at 18 mpi.
Ethical statement

All animal experiments were conducted in accordance with the European Community
Council Directive 2010/63/UE. Animal care was in accordance with institutional guidelines
and experimental procedures were approved by local ethics committees (authorizations 12-
089; ethics committee CEtEA-CEA DSV IdF).
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Brain tissue homogenates

Frozen brain tissue samples (parietal cortex) from two AD patients (Braak stage VI,
Thal stages 5 and 4, respectively) and from one age-matched control individual (Braak and
Thal stages 0) were obtained from brains collected in a brain donation program of the Brain
Bank GIE NeuroCEB run by a consortium of Patients Associations: ARSEP (French
association for research on multiple sclerosis), CSC (cerebellar ataxias), France Alzheimer
and France Parkinson, with the support of Fondation Plan Alzheimer and IHU A-ICM
(Supplementary Table 2, Extended Data Fig. 1). The consent forms were signed by either the
patients themselves or their next of kin in their name, in accordance with French bioethical
laws. The Brain Bank GIE NeuroCEB has been declared at the Ministry of Higher Education
and Research and has received approval to distribute samples (agreement AC-2013-1887).
Parietal cortex samples were individually homogenized at 20% weight/volume (w/v) in sterile
Dulbecco's phosphate-buffered saline (PBS, Gibco, ThermoFisher Scientific, France) in a
ribolyser sample homogenizer (Hybaid). Brain homogenates were then aliquoted into sterile

polypropylene tubes and stored at -80°C until use.
Characterization of brain homogenates

The inoculated brain tissues were first assessed by immunohistochemistry.
Immunostaining was performed on 4-um-thick paraffin sections. Sections were deparaffinized
in xylene, rehydrated through ethanol (100%, 90%, and 70%) and finally rinsed under running
tap water for 10 minutes. They were then incubated in 99% formic acid for 5 minutes, washed
again under running tap water, quenched for endogenous peroxidase with 3% hydrogen
peroxide and 20% methanol, and finally washed in water. Sections were then blocked by
incubating the sections at room temperature for 30 minutes in 4% bovine serum albumin
(BSA) in 0.05 M tris-buffered saline, with 0.05% Tween 20, pH=8 (TBS-Tween, Sigma).
They were then incubated overnight at +4°C with the 6F3D anti-Ap antibody (Dako,
Glostrup, Denmark) or polyclonal anti-tau antibody (Dako, Glostrup, Denmark), routinely
used for the detection of amyloid deposits and tau accumulation. The sections were further
incubated with a biotinylated secondary antibody (25 minutes at room temperature), and the
presence of the secondary antibody was revealed by streptavidin—horseradish peroxidase
conjugate using diaminobenzidine as chromogen (Dako, Glostrup, Denmark) after which they

were counterstained with Harris haematoxylin.
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Brain homogenates were further characterized by biochemistry. For AP, brain
homogenates were diluted in 6.8 M guanidine and 68 mM TrisHCI to obtain a 5 M guanidine
final concentration with protease inhibitor (Complete Mini, Sigma Aldrich, MO, USA) and
vortexed for 3 hours at room temperature. A immunoquantification was performed in
duplicates with human AB1-42 ELISA kits (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's instructions. For tau characterization, brain homogenates were sonicated on ice
for 5 minutes, centrifuged for 5 minutes at 3000g at +4°C, diluted in Tris 20 mM/SDS 2% and
sonicated on ice for 5 minutes. Samples were normalized to 1 pg/pL, diluted in 2X LDS
buffer with reducers and heated at +100°C for 10 minutes. Ten pg of samples were loaded on
Criterion gels (Biorad, Hercules, CA, USA) and migrated in MOPS buffer for 90 minutes at
165V on ice. After membrane transfer, pS396 (Life technologies, Carlsbad, CA, USA) or tau-
Cter antibodies'” were incubated overnight at +4°C. Secondary anti-rabbit antibody (ref-
23817-2, Biovalley, Nanterre, France) was then applied for 45 minutes at room temperature

before ECL revelation. Operators were blinded to the status of the patients.
Stereotaxic injections in mouse lemurs

Brain homogenates were injected bilaterally in the dorsal hippocampus (AP 1.25 mm,
DV 8.25 mm, L +/- 2.5 mm) and adjacent parietal cortex (AP 1.25 mm, DV 10.25 mm, L +/-
2.5 mm) during a stereotaxic surgery*®. Animals were fasted the day before surgery. Pre-
anesthesia (atropine, 0.025mg/kg, subcutaneous injection) was performed 30 minutes before
anesthesia (Isoflurane, Vetflurane, 4.5% for induction and 1-2% for maintenance) as
described previously®*. Animals were then placed in a stereotaxic frame (Phymep, France).
Burr holes were drilled in the appropriate location. Using 26-gauge needles, 6.5 pL of 10%
w/v brain homogenates were injected bilaterally in the dorsal hippocampus at 1 pL/min.
Needles were kept in place for an additional 2 minutes before they were slowly moved into
the adjacent parietal cortex where bilateral injections were also performed (same volume and
injection speed as described above). Needles were kept in place for an additional 5 minutes
before being slowly removed. Respiration rate was monitored during the whole procedure and
body temperature was maintained at 37+£0.5°C with a heating blanket or air-heating system.
Six animals received brain extract from the control patient (CTRL-inoculated group) and 6
animals received brain extract from AD patients (n=3 per patient, AD-inoculated group). The
surgical area was cleaned (iodinate povidone, Vetedine, Vetoquinol, France), the incision was
sutured and animals were placed in an incubator at 25°C and monitored until recovery from

anesthesia.
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Accelerating rotarod task

Mouse lemurs were evaluated with the accelerating rotarod task (model 7750, Ugo
Basile, Italy) before inoculation and every 6 mpi. Animals were placed on a 5-cm-diameter
rotating cylinder turning at 20 rotations per minute (rpm). The rod then accelerated steadily
up to 40 rpm until the end of the test which was reached when the animal fell or gripped onto
the rod during at least three consecutive turns without stabilizing its balance. Latency to fall
or grip on the rod was recorded for each trial. Animals underwent 5 consecutive trials and the
best result was recorded with values expressed in seconds. The system was cleaned with

ethanol between each trial and each animal.
Visual discrimination test

The cognition of mouse lemurs was evaluated in an apparatus (Fig. 1a) adapted from
the Lashley jumping stand apparatus™® which is a vertical cage made of plywood walls except
for the front panel which is a one-way mirror allowing observation. Two discrimination tasks
were performed: a learning task and a long-term memory task. These tests involved a
succession of visual discriminations during which the mouse lemur had to jump from a
heightened central platform to one of two lateral boards allowing access to a reinforcing
chamber containing a positive reward (the possibility of reaching a safe nestbox for a 2
minutes rest). Mouse lemurs prefer confined spaces, therefore reaching a nest when placed in
an open space is a strong motivator for behavioral testing. If no jump is performed within one
minute, the central station can be progressively and gently tilted downwards creating a
slippery slope encouraging the mouse lemur to jump. Boards can be covered with removable
easily-discriminable patches of varied shape, texture and pattern (i.e. visual discrimination
clues). Each board can be locked in a stable position or unlocked to become unstable and fall
if a lemur jumps on it. For a pair of patches, one patch is always associated with the stable
board giving access to the nest (positive result). The other patch is always associated with the
unstable board that falls when the lemur jumps on it (negative result). During a discrimination
task, the mouse lemur had to identify the positive stimulus giving access to the nest. Left/right
locations of the stimuli were randomly alternated during the attempts with the restriction of no
more than three consecutive trials in the same configuration. Testing continued until a success
criterion - defined as 8 correct choices out of 10 successive attempts - was achieved. Before
the first test, lemurs underwent a habituation session composed of seven trials. For the first

four trials, only one fixed central board was attached just below the nestbox opening. In trial

232



Publications

1, a cylindrical rod connected the central station to the board so that no jump was required to
reach the nestbox. In trial 2, the rod was removed so that the mouse lemur had to jump onto
the central board to access its nestbox. In trials 3 and 4, an opaque vertical screen was added
above the middle of the board masking the nestbox opening. The mouse lemur had to jump
onto the board and then walk under the screen to access its nestbox. For the final three trials,
the fixed landing platform was placed alternately to the left or to the right of the nestbox
opening which was masked by the opaque screen. After the habituation session, mouse lemurs
underwent the first discrimination learning task — distinguishing between a pair of patches —
to test their learning abilities. This task was first performed before inoculation and then at 6,
12, and 18 mpi with, each time, a new set of discrimination task stimuli (i.e. a new pair of
patches). At the three post-inoculation time points, long-time retention was also evaluated

through recall of the discrimination task from 6 months before (Fig 1b).
Electroencephalography (EEG)

EEG studies were conducted in mouse lemurs using telemetric devices as described
before®***. Briefly, animals received pre-anesthesia (Diazepam 5 mg/mL, Roche, France;
intramuscular injection of 200 uL/100g animal) and were then anesthetized with isoflurane. A
wireless telemetry transmitter (2.5g; PhysioTel F20-EET; Data Science, St Paul, MN, USA),
equipped with simultaneous recording for one EEG and one electromyogram (EMG) channel
(1-500 Hz sampling rate), was implanted in the abdominal cavity. The electrode leads were
threaded subcutaneously from the abdomen to the skull. Using dental cement, electrodes were
placed on the dura mater of the anterior frontal cortex according to a stereotaxic atlas of the
mouse lemur brain®®. For EMG recording, bipolar electrodes were sutured into the neck
muscles with non-absorbable polyamide suture. Animals were monitored for respiration rate
and body temperature during surgery, observed until anesthesia recovery, and allowed to
recover from surgery for one week before recording. EEG and EMG data were continuously
collected using a PC running Dataquest software (Data Science International, St Paul, MN,
USA) linked to a receiver base (RPC-1, Data Science, St Paul, MN, USA) placed on the floor
of the home cage inhabited by the implanted animals. Electrodes and the telemetry transmitter
were removed after one week of recording using the same surgical conditions as for
implantation. The EEG data were analyzed with Neuroscore v2.1.0 (Data Science
International, St Paul, MN, USA). Analysis focused on the active state determined by
locomotor activity recording (included in the telemetry data of EMG recordings). EEGs were

performed before inoculation, plus 6, and 12 mpi. We focused on delta (0.5-4 Hz), theta (4-8
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Hz), alpha (8-12 Hz), sigma (12-16 Hz), and beta (16-24 Hz) frequency waves. At each time
point, each wave was normalized according to mean values in the CTRL-inoculated animals.

The operator was blinded to the group attribution during EEG signal processing.
Morphological MRI

Morphological MRI was performed using T2-weighted spin-echo images recorded on
a 7T spectrometer (Agilent, USA; TR=10000 ms, TE=17.4 ms, slice thickness=230 um, field
of view=29.4x29.4 mm? matrix=128x128, resolution=230x230 pm? zero-filled to 115x115
um?). Animals were anesthetized and monitored as described for stereotaxic injections. MR
images were recorded for each animal before inoculation, 15 days after inoculation and then
every 3 months after inoculation until 18 mpi. MR images were analyzed for voxel-based
morphometry with SPM8 (Wellcome Trust Institute of Neurology, University College
London, UK, (http://www.fil.ion.ucl.ac.uk/spm)) and the SPMMouse toolbox
(http://spmmouse.org) as described previously?'. Fifteen days post-inoculation images were
not included in this analysis as they were only used to ensure accurate injection cannula
placement and the lack of acute lesions following the surgery. Briefly, brain images were
segmented into gray (GM) and white matter (WM) tissue probability maps using locally
developed priors, then spatially transformed to the standard space using a GM mouse-lemur
template”. Affine regularization was set for an average-sized template, with a bias non-
uniformity cut-off FWHM of 10 mm, a 5 mm basis-function cut-off and a sampling distance
of 0.3 mm. The resulting GM and WM portions were output in rigid template space and
DARTEL** was used to create non-linearly registered maps for each subject and common
templates for the cohort of animals. The warped GM portions for each subject were
modulated with the Jacobian determinant from the DARTEL registration fields to preserve
tissue amounts (‘optimized VBM’*®) and smoothed with a Gaussian kernel of 600 pm to
produce maps for analysis. A general linear model was designed to evaluate relative changes
in GM values as a function of time between the CTRL- and AD-inoculated groups.
Longitudinal follow-up of each animal was taken into account in the design matrix and total
intracranial volumes were taken as covariate of no interest. A two-tailed t-test contrast was
performed to compare the two groups. To control for multiple comparisons, an adjusted p-
value was calculated using the voxel-wise false discovery rate (FDR-corrected p<0.05) with
extent threshold values of 10 voxels®. Voxels with a modulated GM value below 0.2 were
not considered for statistical analysis. The operator was blinded to the group attribution
during image processing.
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Histology

Mouse lemurs were euthanized with an overdose of sodium pentobarbital (100 mg/kg
intraperitoneally) followed by intracardiac perfusion with 4% paraformaldehyde in PBS.
After overnight post-fixation, brains were cryoprotected using 15% and 30% sucrose solution.
Brains were then frozen in isopentane and stored at -20°C. Forty pum-thick coronal sections of
brains were cut on a sliding freezing microtome (SM2400, Leica Microsytem) and floating
histological serial sections were preserved in a storage solution (glycerol 30%, ethylene
glycol 30%, distilled water 30% and phosphate buffer 10%) at -20°c until use.

Immunohistochemistry

Serial sections of the entire brain were used for AP (4G8), tau (AT8 and AT100), glial
fibrillary acidic protein (GFAP) and neuronal (NeuN) immunohistochemistry. Free-floating
sections were rinsed in 0.1M PBS and then incubated in hydrogen peroxide 0.3% for 20
minutes. Human sections were used as positive controls. For 4G8 staining, 80% formic acid
pre-treatment was applied for 2 minutes. Pre-treatment with PBS-Triton 0.5% (Triton X-100,
Sigma Aldrich, MO, USA ) and 3% BSA blocking was performed at +4°C before a 2 day-
incubation with either biotinylated 4G8 (Covance, NJ, USA, 1/250), AT8 (Pierce endogen,
IL, USA, 1/100), AT100 (Pierce endogen, IL, USA, 1/100), GFAP (Dako, Denmark, 1/5000),
and NeuN (Abcam, Cambridge, UK, 1/2000) antibodies. Biotinylated anti-mouse or anti-
rabbit secondary antibodies (IgG, Vector Laboratories, Burlingame, CA, USA) were
incubated before revelation. The ABC Vectastain kit (\Vector Laboratories, Burlingame, CA,
USA) was used to amplify DAB revelation (DAB SK4100 kit, Vector Laboratories,
Burlingame, CA, USA). Blinded qualitative evaluation of the stained sections was performed

by two different operators (C.G., F.P.).
Layer thickness evaluation

NeuN-stained sections were used to evaluate the thickness of the CA1 and CA3
pyramidal layers, dentate gyrus granular layer, layer Il of the entorhinal cortex, and
retrosplenial cortex. CA1, CA3 and DG regions were assessed from 10 measurements per
section, for 3 consecutive sections. The thickness of layer Il of the entorhinal cortex was
measured as the mean of 5 measurements per section for 6 consecutive sections. The
thickness of the anterior retrosplenial cortex (layer 1 to VI) was measured on 2 consecutive

sections as a mean of 5 measurements per section. All sections selected for each layer
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represented the same levels along the anteroposterior axis. The operator was blinded to the

group attribution during layer thickness evaluation.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software (San Diego, CA,
USA). Data are expressed as means + standard error of the mean. Cognitive and motor
experiments were evaluated by two-way repeated measures ANOVA (post-inoculation delay,
group) followed by Bonferroni's multiple comparisons post-hoc tests. Data normality and
variance homogeneity were evaluated using Shapiro-Wilk and Cochran C tests, respectively
and data from behavior experiments were transformed as reciprocal in order to obtain
normality and variance homogeneity. As values within CTRL-inoculated animals were very
homogeneous at each time post-inoculation, we replaced 18 mpi missing data from the two
CTRL animals that died by the worst values in the CTRL group at 18 mpi. EEG and neuronal
layer thickness data were evaluated by Mann Whitney’s tests. Spearman's rank correlations
were performed to examine relationships between EEG, neuronal layer thickness and
behavioral data. The proportion of animals presenting with amyloid lesion in the CTRL and
AD groups was compared with the Chi-square test. No statistical methods were used to

predetermine sample size.
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Legends
Figure 1. Cognitive dysfunctions in AD homogenate-inoculated mouse lemurs.

a. Pairwise visual discrimination task jumping-stand apparatus. Lemurs had to jump from a
central platform to one of two boards that displayed different visual stimuli. One board gave
access to a positive outcome (nest containing a reward) and the other led to a negative (and
non-rewarding) outcome (fall). An increasing number of trials required to reach criterion
indicates a performance decline. b. Schematic overview of the cognitive tasks. A learning task
was performed before inoculation (0 months post-inoculation (mpi)). Long-term memory
tasks consisted of the repetition of the discrimination task learned 6 months before. New
learning tasks involving novel pairs of stimuli were performed every 6 months, after long-
term memory tasks (black arrows: 6 month-long delay; grey arrows: 1 day delay). c.
Progressive learning impairment in the AD-inoculated animals. Animals allocated to AD and
CTRL groups had similar performance before inoculation and improved similarly at 6 mpi.
Only CTRL-inoculated animals continued to improve at 12 and 18 mpi (p<0.0001 and
p=0.01, respectively) and learning abilities were lower in AD-inoculated animals compared to
CTRL at 12 mpi (p=0.03) and tended to be lower at 18 mpi (p=0.10). Also, the overall
performance of the AD-inoculated group was significantly lower than that of CTRL group
(p=0.02). d. In the long-term memory task, the overall performance of the AD-inoculated
group and those at 6 and 18 mpi were significantly lower than those of CTRL-animals
(p=0.0002, 0.0036, and 0.0024, respectively). e. The rotarod test did not reveal any motor
dysfunction in either group. *: p<0.05; **: p<0.01; ***: p<0.001 (n=6 per group, two-way
repeated measures ANOVA with Bonferroni's post-hoc tests). Error bars: standard error of the

mean.
Figure 2. Neuronal activity alterations in AD-inoculated lemurs.

a-c. Evolution of EEG frequency power densities in the AD- and CTRL-inoculated groups
before inoculation (a), 6 (b) and 12 (c) mpi (n=6 per group). b. At six mpi, the AD-inoculated
group showed a decrease in delta frequency (0.5-4 Hz) and an increase in theta frequency (4-8
Hz) compared to CTRL-inoculated group (p=0.009 and p=0.002, respectively, Mann-
Whitney's tests). c. At 12 mpi, the alterations in delta frequency was maintained (p=0.009,
Mann-Whitney's tests). Alpha (8-12 Hz), sigma (12-16 Hz), and beta (16-24 Hz) frequencies
were lighter in AD-inoculated group than in CTRL-inoculated group (p=0.004, p=0.015 and
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p=0.009, respectively, Mann-Whitney's tests). * p<0.05; ** p<0.01. Error bars indicate
standard error of the mean.

Figure 3. Gray matter loss in AD homogenate-inoculated mouse lemurs.

a. Statistical parametric heat-map depicting regions where gray matter volumes decreased in
the AD group as compared to the CTRL group. Slices are spaced by 0.5mm throughout the
brain (voxel-based morphometry parameters: FDR-corrected p<0.05; extent threshold k=10;
heat-map represents T values). b-c. Lateral (b) and dorsal (c) 3D representations of atrophied
areas. EC: Entorhinal cortex; DB: Diagonal band of Broca; Am: Amygdala; Hip:
Hippocampus; nST: Nucleus stria terminalis; Fx: Fornix; Cd: Caudate nucleus; Pva: Peri-third
ventricule area; IT: Inferotemporal cortex; PC: Posterior cingulate cortex; RS: Retrosplenial
cortex. Dark blue clusters represent voxels with significant gray matter atrophy in posterior
cingulate cortex and in retrosplenial cortex. Light blue clusters represent voxels with
significant gray matter atrophy in the temporal areas of the brain (including the hippocampus,
entorhinal cortex, amygdala, and the lateral and inferior temporal cortices) as well as the
diagonal band of Broca, fornix and nucleus stria terminalis. Gray clusters represent other

significant voxels. Red crosses display injection sites.
Figure 4. Histopathological alterations in AD -inoculated mouse lemurs.

a-b. NeuN staining of dorsal hippocampus in representative CTRL- (a) and AD-inoculated (b)
animals. CA1, CA3 and dentate gyrus (DG) are highlighted. c. Comparison of the thickness of
the CAl and CA3 pyramidal layers, dentate gyrus granular layer, layer Il of the entorhinal
cortex and retrosplenial cortex of CTRL- and AD-inoculated animals. *: p<0.05, Mann-
Whitney's test. d-h. Immunostaining of Ap (4G8) in CTRL- (d) and AD-inoculated animals
(e-h). Sparse 4G8-immunoreactivity could be detected in the parenchyma and vessels of 50%
of AD-inoculated animals. Scale bars: 1 mm (a-b, d) and 50um (insert in e and f-h). Error bars
indicate standard error of the mean.

Supplementary Table 1. Schedule of the experimental protocol. mpi: months post-

inoculation. MRI: Magnetic resonance imaging.

Supplementary Table 2. Human brain sample characteristics and staging. Human
parietal cortex samples were obtained from two AD patients and one age-matched CTRL

individual.
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Supplementary Table 3. Brain regions with gray matter loss in the AD-inoculated group

as compared to the CTRL-inoculated group. *: p<0.05; **: p<0.01; ***: p<0.001.
Extended Data Figure 1. Characterization of human brain samples and homogenates.

a-c. Immunohistochemical staining (6F3D antibody) for amyloid in the two Alzheimer
samples (a-b) and in the control sample (c). Amyloid plaques are indicated with black arrows.
Arrow heads correspond to amyloid angiopathy. The apparent brown background in b
corresponds to extracellular diffuse amyloid deposits. d-f. Immunohistochemical staining
(polyclonal anti-tau antibody) for tau lesions in the same samples. Tau positive NFTs are
indicated with white arrows in the two Alzheimer samples (d-e). Most of the brown labelling
corresponds to neuropil threads. Amyloid or tau lesions were not detected in the control
subject (c-f). Scale bars: 50 um. g-i. Biochemical characterization of human brain
homogenates. g. AP;.42 was only detected in AD brain homogenates (20% weight/volume)
(ELISA). h. Typical AD shift of tau-Cter triplets in the AD samples compared to CTRL
sample in Western blot (arrows). h. Pathological pS396 positive tau was only detected in AD

samples by Western blot. Error bars indicate standard error of the mean (SEM).

Extended Data Figure 2. Correlations between cognitive abilities and EEG delta

frequency (a) or thickness of CA1 hippocampal layer (b) .

a. Delta frequency measured by EEG 6 mpi was inversely correlated with long-term memory
performances (Spearman's correlation test). b. The thickness of CA1l pyramidal layer was

inversely correlated with learning abilities of the animals (Spearman’s correlation test).
Extended Data Figure 3. Lack of glial reactivity in inoculated lemurs.

Immunostaining of astrocytes (GFAP) in the CAL region of the hippocampus, parietal cortex
(Cx) and entorhinal cortex (EC) in CTRL- and AD-inoculated animals. Regional differences
are seen but qualitative evaluation did not provide evidence for changes in GFAP-
immunoreactivity or astrocyte morphology between CTRL- and AD-inoculated animals.

Scale bars: 100 pm.
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Figure 2.
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Supplementary Tables

Supplementary Table 1.

Experimental protocol inc?c‘:eljlc;)a\;?on 3mpi 6mpi 9mpi | 12mpi | 15mpi | 18mpi
Rotarod test X X X X
Discrimination acquisition task X X X X
Long-term memory task X X X
Electroencephalography X X X
MRI X X X X X X X
Immunohistochemistry X
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Supplementary Table 2.

Patient | Brask stage | Thalphase | Age (years) | (o or™
AD 1 Vi 5 76 10
AD 2 v 4 83 o
CTRL 0 0 69 6
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Supplementary Table 3.
Brain regions with gray matter loss .
in the AD- as compared to the CTRL- GUUERRL LR eIl L
inoculated group (voxels) FDR-corrected T value
Entqrhmgl cortex, amygdala, hippocampus 1562 sk 0.0004 6.3952
and inferior temporal cortex
Cingulate and retrosplenial cortices 1342 bt 0.0004 6.3777
Diagonal band pf Bro<l:a, fomlx and 184 o 0.0013 57422
nucleus and stria terminalis
Ventral hippocampus 103 * 0.0109 4.2790
Caudate nucleus 70 ko 0.0059 4.8479
Entorhinal cortex 59 * 0.0117 4.2231
Lateral temporal cortex 55 o 0.0062 4.7998
Peri-third ventricule area 52 * 0.0112 4.2488
Inferior temporal cortex 47 * 0.0175 3.8968
Fornix and stria terminalis 33 ok 0.0061 4.8140
Parietal cortex 31 o 0.0045 5.0162
Amygdala 30 * 0.0102 4.4005
Lateral temporal cortex 23 * 0.0221 3.6795
Amygdala 22 * 0.0267 3.4984
Parietal cortex 18 * 0.0227 3.6538
Amygdala 18 * 0.0255 3.5305
Inferior temporal cortex 17 * 0.0221 3.6785
Caudate nucleus 16 o 0.0067 47113
Fornix 15 * 0.0172 3.9105
Inferior temporal cortex 15 * 0.0193 3.7971
Caudate nucleus 14 * 0.0233 3.6270
Inferior temporal cortex 13 * 0.0234 3.6142
Inferior temporal cortex 13 * 0.0140 4.0705
Entorhinal cortex 11 * 0.0135 4.1200
Parietal cortex 10 * 0.0108 4.3009
Amyedala 10 3 0.0255 3.5285
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Extended Data

Extended Data Figure 1.
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Extended Data Figure 2.
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Extended Data Figure 3.
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Abstract

The meouse lemur (Microcebus murinus) is a promising primate moedel for investigating nor-
mal and pathological cerebral aging. The locomotor behavior of this arboreal primate is
characterized by jumps to and from trunks and branches. Many reports indicate insufficient
adaptation of the mouse lemur to experimental devices used to evaluate its cognition,
which is an impediment to the efficient use of this animal in research. In order to develop
cognitive testing methods appropriate to the behavioral and biclogical traits of this species.
we adapted the Lashley jumping stand apparatus, initially designed for rats, to the mouse
lemur. We used this jumping stand apparatus to compare performances of young (n=12)
and aged (n = 8) adults in acquisition and leng-term retention of visual discriminations. All
mouse lemurs completed the tasks and only 25 trials, on average, were needed to master
the first discrimination problem with no age-related differences. A month later, all mouse
lemurs made progress for acquiring the second discrimination problem but only the young
group reached immediately the criterion in the retention test of the first discrimination prob-
lem. This study shows that the jumping stand apparatus allows rapid and efficient evalua-
tion of cognition in mouse lemurs and demonstrates that about half of the old mouse lemurs
display a specffic deficit in long-term retention but not in acquisition of visual discrimination.

Introduction

As age-related cognitive impairment has become a major health problem in our societies, the
need for valid animal model to investigate the biological basis of this decline and to develop
efficient treatments is a crucial concern. For about two decades, there has been a growing inter-
est in the use of a small nonhuman primate, the grey mouse lemur (Microcebus murinus), for

studying aging and age-assodated diseases [1]. Indeed, with its mouse-like body size (body
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length 12 cm, 60-120 g) rendering its breeding and housing cost-efficient, this nocturnal, rap-
idly maturing (puberty occurs at about 6-8 months) and short-lived {about a decade in captiv-
ity) primate offers a useful compromise between the practicalities and affordability of rodents
and the evolutionary proximity to humans of monkeys or apes. This proximity was well illus-
trated by many studies that have brought out similarities of mouse lemurs and humans in the
age-related changes occurring in brains, including amyloid plaque formation and neurofibril-
lary changes [2,3]; pathological tau metabolism [4]; neurochemical alterations [5]; neuronal
loss in specific cerebral structures (e.g., the nucleus basalis of Meynert) [6]; iron accumulation
[7]; and varying patterns of cerebral atrophy [2]. Interestingly, the atrophy of some brain
regions such as septum, hippocampus or entorhinal cortex was only detected in a subcategory
of aged mouse lemurs and was correlated with cognitive impairments, which suggests that it is
related to pathological aging [9].

Concerning behavioral assessment, several studies have demonstrated that the pattern of
age-related cognitive alteration in mouse lemurs [10,11] is strikingly reminiscent of that
described in humans [12], namely a preserved procedural memory, a progressive and wide-
spread decline in executive function and an impairment in declarative-like memory that is
limited to a subpopulation of aged individuals. Nevertheless much work remains to be done
in order to streamline the cognitive assessment of mouse lemurs. Indeed, many reports indi-
cate insufficient adaptation of the mouse lemur to experimental devices mainly initially devel-
oped for rodents or large monkeys, leading to excessive duration of experimental trials and/or
disproportionate elimination of individuals as non-responders during the training stages. For
example, ina study by Ritchieet al. [13], more than 9 months of training were required for a
single visual discrimination in a couple of animals. Regarding the rate of non-responders,
high levels of attrition from 30 to more than 50% were often reported [14,15]. Moreover, a
great inter-individual variability in the performance of control groups was frequently noted
[16]. Such variability is likely to be more related to variable motivation or emotionality than
to variable cognitive ability and can impede detection of subtle cognitive impairment in any
experimental group. Recent progress was made to standardize cognitive testing in mouse
lemurs by using an automated touchscreen-based procedure [17]. This approach has the
main advantages of minimizing operator-subject interaction and facilitating cross-taxa com-
parisons as it can be used in a variety of species, including humans. The first publication on
this apparatus reported that mouse lemurs need 24 days of training on average and more than
200 trials to reach the criterion of success assigned to a simple task of discrimination [17].
Another way to improve cognitive testing of mouse lemurs is to consider their specific behav-
ioral and biological traits in order to design new devices enabling them to express their full
cognitive potential. As mouse lemurs have an arboreal lifestyle and are powerful jumpers,
developing apparatus and procedures allowing movements in the three-D space appears par-
ticularly well suited for an efficient behavioral testing of this species. In 1930, in order to
study visual perception in rodents, Lashley designed a jumping stand apparatus [18]. To per-
form a discrimination task within this apparatus, rats had to jump from an elevated stand to
one of two doors positioned in front of them. If the rat jumps to the correct door, the door
swings open and the rat lands on a table behind and receives food or water reward. If it
chooses wrongly, it strikes against thelocked window and fall into a net slung beneath the
apparatus. The jumping stand is rarely used today in rodents, because they are not prone to
jumping and were forced to jump by being mildly shocked. On the contrary, mouse lemurs
are jumping animals and our goal was to design a version of the jumping stand for lemurs.
First, the test we designed was based on an elevated stand that can progressively be tilted
downwardly causing a slippery slope pushing gently the mouse lemur to jump. Second, the
target doors were replaced by target platforms that were stable for correct choices and
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unstable, leading to the fall of the animals, for incorrect choices. In addition, a positive reward
(i.e. the possibility to attain a safe nestbox) was maintained when the animal reached the cor-
rect platform. As underscored by Sutherland and Mackintosh [19] the jumping stand tech-
nique has the great advantage that it forces animals to look toward the stimuli before
responding (usually for some time as they normally hesitate before leaping the gap)and it
gives immediate positive or negative reinforcement after a correct or an incorrect jump. The
main goal of the present study was to determine whether the jumping stand apparatus
adapted to mouse lemurs allows obtaining fast and efficient learning and could be used as a
reliable tool for testing cognition in this species.

The second goal of our study was to test whether the jumping stand apparatus can evaluate
age-related cognitive alterations in mouse lemurs. The jumping stand apparatus can assess
different cognitive abilities through a large panel of tasks such as simple discriminations,
delayed matching (or nonmatching) to samples or shifting tasks. Acquisition and retention
of simple discrimination learning task are differentially sensitive to medial temporal lobe
lesions [20,21,22] and as temporal lesions are altered in a subcategory of old mouse lemurs [9],
impairment was expected in retention but not in acquisition of discrimination problems. We
thus designed discrimination and retention tasks based on the jumping stand apparatus to
evaluate medial temporal lobe-dependent and non-medial temporal lobe-dependent cognitive

performance in young and old mouse lemurs.

Materials and Methods
2.1. Ethics statement

The study was non-invasive and carried out in accordance with the European Communities
Coundl Directive (2010/63/UE). The research was conducted under the approval of the
CETEA-CEA DSV IdF ethic committee under the authorization number 12-089. In accor-
dance with the recommendations of the Weatherall report, “The use of non-human primates
in research”, spedal attention was paid to the welfare of the animals. Neither nodceptive sti-
muli nor food deprivation were used during this work

2.2. Animals

Twenty male grey mouse lemurs (Microcebus murinus) were evaluated. The young adult group
consisted of 12 animals ranging from 3 to 4.2 years (mean age = 3.3 years) and the aged adult
group consisted of 8 animals ranging from 7 to 10 years (mean age = 7.5 years). These age cate-
gories were consistent with age dassification in previous studies and were based on survival
data of the breeding colony which has a mean and a maximum lifespan of 56 and 120 months,
respectively [1]. The animals were born and reared in the Brunoy colony (MNHN, France,
licence approval N* A91.114.1). They had no previous experience with cognitive testing nor
with any drug trial or experimental surgeries. The mouse lemurs, solitary foragers in the wild,
were housed in individual cages to reduce stress due to capture and transport to the separate
experimental room. The cages were enriched with tree branches and wooden nests (nestbox)
and were kept at standard temperature (24-26°C) and relative humidity (55% ). The mouse
lemurs were tested during the summer-like long day length (14:10 hours light -darkness) that
corresponds to the active phase of the animals. Animals were raised on fresh fruits and a labo-
ratory daily-made mixture of cereals, milk and eggs. Water and food were given ad libitum.
The eyes of the mouse lemurs were examined by a veterinary ophthalmologist and no anoma-
lies were detected that would affect visual acuity.
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2.3. Apparatus

Experiments were performed in a separate testing room containing the apparatus. The appara-
tus (see Fig 1) was a big vertical cage (height = 150 cm) made of plywood walls except the front
panel that was a one-way mirror to allow observation. It was illuminated by 50-W bulb
attached to the center of the cage ceiling. The mouse lemur was placed inside the cage on the
center of an elevated plastic starting platform (the jumping stand) through an open-ended
dark cylinder that opened in the roof of the cage. After this cylinder was gently lifted, the
mouse lemur was required to jump from the elevated stand onto one of two landing platforms
(15 cm x 30 cm) across a 35-cm gap. If it did not jump within one minute the starting stand
was progressively tilted downwardly causing a slippery slope pushing the mouse lemur to
jump. If it jumped onto the correct platform, it could pass under an opaque Flexiglass screen to
access its nestbox placed behind the wall of the cage. This opaque screen prevented mouse
lemurs from jumping directly to the opening of the nestbox. If it jumped onto the incorrect
platform, the platform swung down and the mouse lemur fell into the bottom of the cageon a
wide soft pillow to avoid any risk of injury. A small door at the base of the right wall of the cage
allowed to take back the mouse lemur and to put it back on the starting platform for another
trial. The correct and the incorrect platforms were distinguished by visual stimuli placed on
them. The training pairs of stimuli were randomly drawn from a pool of 20 pairs. Within each
pair, stimuli were chosen to be easily discriminable as the goal was to test cognitive and not
visual capacities. Accordingly the two stimuli of the same pair differed both in shape, texture,
brightness or pattern. Practically, they were made of different materials (cardboard, plastic,
polystyrene, fabric. . ).

No food reinforcement was used. The reward for positive choices consisted in allowing the
mouse lemur to reach its nestbox and then to be "home safe" for some time. This reward is par-
ticularly effident in mouse lemurs as they are very keen to find their nestbox, due to their habit
in their natural environment to make use of tree holes as vital means to evade predation, ensure

thermoregulation, and park infants during food foraging [23].

2.4. Testing procedure

2.4.1. Overview of the performed tasks. Two discrimination problems (D1 and D2) and a
long term-memory test (retention phase) of the first discrimination problem (D1r) were used
(see Fig 2). During the first discrimination problem (D1), the mouse lemurs had to discrimi-
nate two visual stimuli. The mouse lemurs were given each day a session of a maximum of 25
trials. Testing continued until the mouse lemurs reached a criterion of eight correct choices for
ten consecutive trials. The long term-memory test (D 1r) was performed one month after the
first discrimination problem. The following day a new discrimination problem (D2) was per-
formed. For each test, the score was the number of errors (wrong choices leading to a fall)
before reaching the cariterion. One day before the first discrimination test, each mouse lemur
was given a habituation session to learn the task.

2.4.2. Habituation. The habituation session was composed of seven trials. For the first
four trials, only one fixed central landing platform was attached just below the
nestbox opening. On trial 1, a cylindrical rod connected the jumping stand to thelanding plat-
form so that no jump was required to attain the nestbox whose opening was visible from the
starting stand. On trial 2, the rod was removed so that the mouse lemur had to jump onto the
central landing platform to access its nestbox. On trials 3 and 4, an opaque vertical screen was
added above the middle of the landing platform masking the nestbox opening. The mouse

lemur had to jump onto the central landing platform then to walk under the screen to access its
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Fig 1. Jumping stand apparatus for mouse lemurs (a) and pairs of stimuli used for the two discrimination problems (b).

doi:10. 1371 /journal pone 0146238, g0

nestbox. For the last three trials, the fixed landing platform was placed alternatively to the left
or to theright of the nestbox opening which was masked by the opaque screen.

2.4.3, Disarimination tests. During the discrimination problems (D1, Dlr, and D2),
mouse lemurs were given each day a session of a maximum of 25 trials. On each trial, the
mouse lemur faced two landing platforms. It had to choose the positive landing platform
which gave access to a 2-min rest in its nestbox and to avoid the negative platform which
resulted in the fall of the platform leading to the drop of the animal in the bottom of the cage.
After a fall, the mouse lemur was left in the bottom for 20 seconds before being taking back for
another trial. The discrimination was based on visual stimuli that differed in shape, texture,
brightness or pattern. These stimuli (diameter about 15 cm) were interchangeably attached to
the front of the landing platforms. The location of the stimuli on the right or left landing plat-
forms was randomized with the restriction that the positive stimulus was not located on the
same platform for more than three consecutive trials. Two different pairs of stimuli were
selected for the two discrimination tests. One pair consisted of a black plastic triangle versus a

white cardboard circle and the other pair consisted of a green rubber rectangle with black
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H D1 Di1r
| 1 day 1 1 month 1 1day |

Fig 2. Timeline of tasks. H: habituation, 01! first discrimination problem, D1r: retention of the first discrimination problem, D2: second discrimination
problem.

doi:10. 1371 journal pone 01462389002

concentric lines versus a blue star-shaped rigid paper (Fig 1b). The order of the two discrimina-
tion problems was reversed for half the animals.

2.5. Data analysis

All values are expressed as mean # standard error of the mean (SEM). Performances between
tasks (acquisition, retention, new acquisition) were compared in each age-group with paired
Student’s t-test analyses and performances between young and old animals on each task were
compared with unpaired Student’s t-test analyses. The level of statistical significance was

p < 0.05.

Results

The general performances of young and old mouse lemurs in the D1, D1r and D2 tasks are pre-
sented in Table 1. All tested animals succeeded in acquiring the first visual discrimination (D1)
in one or two sessions. The mouse lemurs needed from 13 to 41 trials to reach the criterion
(median = 26 or 24 for young animals or aged animals, respectively). Thus the first discrimina-
tion could be learnt in only two days. Evaluation of the animals for the long term-memory test
(D1r) or the new discrimination problem (D2) was also performed very rapidly, i.e. within one
day (Table 1),

In the first visual discrimination (1) the mean number of errors to criterion was 11.9 £1.2
for the young group and 10.9 +1.5 for the aged group (see Fig 3 and 51 Table). No group differ-
ences were observed between young and old individuals (t = 0.53, p = 0.05; Fig 2). On the
retention phase of the first discrimination problem {D1r), both young and old animals suc-
ceeded faster than in the learning of the discrimination (D1) (t = 9.68 and 6.25, respectively,

Table 1. Mean + SEM number of days and trials to reach the success criterion in the jumping stand apparatus. The figures inbrackets indicate the
soora rangae. Attrition rate was null for aach task.

D1 Dir D2
Days Trials Days Trials Days Trials
Youngs 2(1/2) 2622 (13/41) 10(141) 9+0 (8/10) 1{111) 15+1 (9423)
Olds 2(1/2) 24 (14/40) 1(1/1) 12+1 (B/18) 1{1/1) 1421 (10622)
dioi:10. 1371/ joumal pone 0146238 1001
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Fig 3. Mean scores on the first discrimination problem (D1), retention of the first discrimination
problem (D1r) and second discrimination problem (D2) in young (black) and older (grey) adult
animals. Errors bars depict SEM. * indicates a significant difference.

doi:10.137 1/powmnal pone 0146238 003

p < 0.001). All young mouse lemurs immediately attained at least a 80% correct response level
(criterion level) in the first ten trials (errors < 2, mean = 0.8 £0.2). The older animals made
more errors before reaching criterion (mean = 2.6 £0.8) than the young ones (t = 26, p = 0.018)
and only half of the aged mouse lemurs succeeded in reaching the criterion in the first ten trials
(Fig 3). No differences between young and aged mouse lemurs were seen on the second dis-
crimination problem (D2, t = 0.17, p = 0.05). The performances on D2 were significantly better
than those recorded on D1 for both the young and old individuals (t = 6.72 and 4.64, respec-
tively, p < 0.01; Fig 3). The performances on D1r were significantly better than those recorded
on D2 for the young individuals (t = 5.07, p < 0.01) but not for the aged individuals (t = 2.25,

p = 0.05).

Discussion

The main goal of our study was to determine whether the jumping stand technique is an effi-
cient way to test the cognitive capacities of mouse lemurs. Our findings demonstrate that
naive mouse lemurs are able to master a visual discrimination task in a very small number of
trials (13 to 41) after a short habituation session of only seven trials. Even though the
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criterion to be reached was not the same, young adult mouse lemurs needed far fewer trials
(median = 26) to acquire a pairwise discrimination in the jumping stand task than in earlier
protocols involving odor discrimination [24], visual discrimination using the touchscreen
procedure [17] or visual discrimination of illuminated vs. dark corridors [11], which required
about 500, 200 or 80 trials, respectively. The cognitive demand being identical in all these dis-
crimination tasks, the excellent performance of mouse lemurs in the jumping stand apparatus
was likely based on sensory, motor, attentional and motivational parameters that make this
procedure particularly appropriate to their biology. Indeed, in the jumping stand procedure,
the visual stimuli were easily detectable and discriminable by mouse lemurs. Also attention
was quickly focused on these stimulias the mouse lemurs were strongly motivated to escape
from the well-lighted and very exposed slippery stand and no other target was available.
Moreover, the required jump response is a central part of the spontaneous locomotor behav-
ior of this arboreal species. Finally, choices were instantly either rewarded (access to the nest-
box) or punished (fall) making the conditioning procedure more powerful byCombining
positive and negative reinforcements across trials. Moreover rewards and punishments are
ecologically significant for mouse lemurs in this protocol since falling from an unstable sup-
port is a natural risk for an arboreal jumping species. In accordance with the high perfor-
mances of mouse lemurs in the jumping stand, which suggests that this test procedure is
relatively straightforward for this species, the attrition rate recorded in the present study over
the whole experiment was zero. Given the relatively limited number of mouse lemurs (in
comparison to rats or mice) available for laboratory studies, it is important that as few ani-
mals as possible have to be excluded as non-responders before completing a cognitive test
battery. Another advantage of the jumping stand apparatus is that simple cognitive tasks
such as visual discrimination tasks carried out in this device did not result in excessive inter-
individual variability in young adult control group. Indeed most young adult mouse lemurs
(11 out of 12) needed from 20 to 40 trials to reach criterion. The variability among young
individuals in the present study was even far more limited in the retention test (D 1r), since
all mouse lemurs needed only from 8 to 10 trials to reach criterion. Thus discrimination tasks
in the jumping stand device seem sufficiently sensitive to detect mild cognitive deficit in aged
subjects (or in any other experimental group) and to reach statistical significance with a rela-
tively low number of animals. Another interest of the jumping stand apparatus is that it will
be easy in further studies to test separately each dimension (shape, size, texture, color, pat-
tern) of the visual stimulus and to determine which dimension is most relevant for the mouse
lemur and whether one dimension can induce age-related impairment. Moreover intra-
dimensional and extra-dimensional shift tasks, which are known to be especially vulnerable
to aging in primates [25,26,27], could easily be carried out.

In our study, the older mouse lemurs learned the first visual discrimination problem with a
level of performance similar to that of the young ones. All aged animals performed inside the
range score of the younger group. Thus the motor requirement of the jumping stand procedure
was moderate enough not to impede cognitive capadty expression in aged individuals. The
lack of age-related cognitive impairment in discrimination learning is consistent with previous
studies in mouse lemurs [9,11,24] and has been frequently reported in rodents [28] and mon-
keys [29,30,31]. To the extent that such tasks can be solved on the basis of acquisition of atten-
tional and motor biases towards individual stimuli, there are thought to mainly involve
procedural memory, a form of memory well preserved in the human aging process [32,33].
Nevertheless a recent study using a touchscreen device found that aged mouse lemurs are
impaired in the acquisition of a visual discrimination between two images [17]. Strong differ-
ences between the jumping stand and the touchscreen procedures concerning many
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parameters such as the required motor response, the type of reinforcers used and the nature of
visual stimuli to discriminate can suffice to explain the contrasting observations.

Both young and aged mouse lemurs learned the second discrimination problem (D2) much
more quickly than the first one and the two age groups showed a similar level of performance.
This improvement in the second problem likely relies on memory of the general rules of the
discrimination task (transfer effect) in the jumping stand apparatus, supporting rapid solutions
of new problems of the same class. However, although both young and old animals performed
better on the retention task (D1r) than on the first discrimination (D1), the performance of the
young group was better than that of the old animals in the retention task (D1r). Young animals
showed a perfect recall of the specific stimulus discrimination problem a month after criterion
was met. This higher level of accuracy in the retention test of the first discrimination problem
cannot be ascribed to rapid acquisition of a learning set in young animals because their perfor-
mance decreased in the following second discrimination problem when compared to the reten-
tion problem. This suggests that long term retention of the general rules of discrimination
problems and long term retention of a specific discrimination problem have to be differenti-
ated. Our data show that, while all the young animals were able to reach the criterion in the
first ten trials of the retention test, only half of the aged animals were able to do so. The old
mouse lemurs with worse scores performed as well as the young adults in both the first and the
second discrimination problems. These results suggest that some aged mouse lemurs can dis-
play deficit in long term retention of a specific stimulus discrimination problem and be per-
fectly capable to master discrimination learning and to acquire a learning set by retaining the
general rules of these tasks. This acquisition-retention distinction in discrimination tasks has
been supported by experiments that demonstrated that rats with entorhinal/hippocampal
lesions acquired successive discrimination problems in the same amount of time as did con-
trols but showed marked deficits in the retention phase of these discrimination problems after
long intervals of time [22]. This selective retention impairment suggests that medial temporal
lobe structures are important for retaining specific visual discriminations over long delay inter-
vals but neither for mastering a discrimination task nor for improving performance over suc-
cessive discrimination problems [21,34]. This gradual gain in performance across problems is
probably partly due to progressive acquisition of the procedural aspects of testing with experi-
ence and more dependent on corticostriatal circuits [35]. The present findings are consistent
with previous data from our team that revealed age-related hippocampal and entorhinal atro-
phy in a subpopulation of aged mouse lemurs and a relationship between that atrophy and
poor spatial memory performance in the circular platform test [9]. Thus we hypothesize that
poor performance in the retention test of spedfic discrimination problems after long delays is
sensitive to entorhinalhippocampal dysfunction. The procedure described in the present study
might detect aged mouse lemurs affected by pathological aging processes involving these areas.
Further magnetic resonance imaging and histological evaluations of the brain of mouse lemurs
tested in the jumping stand will help to explore this hypothesis.

In conclusion, the jumping stand apparatus appears to be a powerful tool for testing cogni-
tion in mouse lemurs and for exploring age-related impairment. Its effidency can be explained
because the apparatus is designed for the arboreal lifestyle of the lemurs as well as for their sen-
sorial and behavioral skills. We suggest that it can also be adapted to evaluate cognitive abilities
of other arboreal animals.

Supporting Information

§1 Table. Individual performances of the mouse lemurs.
(DOCK)
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Partie | — Introduction générale

1.1. La maladie d’ Alzheimer

La maladie d’Alzheimer (MA) est la forme la plus fréquente de démence (70% des cas,
Baumgart et al., 2015). C’est une maladie progressive et terminale menant a la perte compléte
de I’autonomie du patient. Elle est caractérisée par une altération progressive des capacités

cognitives incluant une détérioration de la mémoire.

En fonction de 1’age de déclaration des symptomes, deux types de MA, précoce ou tardive,
peuvent étre distingués (Blennow et al., 2006). La MA précoce est une forme génétique de la
maladie associée a de nombreuses mutations de genes impliqués dans le métabolisme du
peptide B-amyloide (AB) (Goate et al., 1991; Levy-Lahad et al., 1995; Schellenberg et al.,
1992). La MA tardive est une maladie sporadique représentant plus de 99% des cas.
D’¢étiologie multifactorielle, de nombreux facteurs de susceptibilité¢ génétique et de risques

environnementaux peuvent influencer le risque de MA sporadique (Reitz et al., 2011).

En neuropathologie, la MA est définie par I’agrégation dans le cerveau de deux protéines, le
peptide AP et la protéine Tau, présentant une structure malconformée enrichie en feuillets B
(Haass et Selkoe, 2007). Ces protéines malconformées s’associent et s’agrégent de maniére
progressive. Ces agrégats menent & la formation de dep6ts extracellulaires (amyloidose),
appelés plaques amyloides dans le parenchyme et angiopathie amyloide dans les vaisseaux, et
intracellulaires (tauopathie) dénommeés dégénérescences neurofibrillaires, respectivement
pour AP et Tau (Duyckaerts et al., 2009).

De nos jours, le diagnostic de MA n’est que probable du vivant du patient. Il est établi sur la
base d’un examen clinique et de tests neuropsychologiques (Folstein et al., 1975; Hughes et
al., 1982) et le diagnostic définitif de MA ne peut étre posé que post-mortem (McKhann et al.,
2011). Des traitements symptomatiques de la MA sont actuellement commercialisés mais
n’apportent qu’un soulagement limité et temporaires des symptomes. Le développement de

traitements curatifs de la MA est donc un véritable défi pour la recherche.

1.2. Les maladies a prions

Un prion, acronyme pour « PRoteinaceous Infection ONIy particule » (Prusiner, 1982), est un

pathogéne protéique constitué de protéines malconformées. Les prions sont responsables chez
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I’Homme des encéphalopathies spongiformes (maladies a prions) telles que la maladie de
Creutzfeld-Jakob. Ces maladies, d’origine génétique, sporadique ou infecticuse (Colby et
Prusiner, 2011), sont cliniquement caractérisées par 1’apparition rapide d’une démence
progressive associée a divers signes cliniques. En neuropathologie, elles sont définies par la
formation de vacuoles (changement spongiformes), une neurodégenérescence et une gliose
associée a 1’accumulation d’une protéine malconformée riche en feuillets f (Caughey et al.,

1991), la Protease-resistant Protein (PrP, Bolton et al., 1982).

Les protéines PrP malconformées peuvent transmettre leur mépliement & des protéines PrP
natives (Aguzzi et Heppner, 2000) menant a la transmission et a la propagation de la maladie
au sein du tissu et entre individus. Elles sont tres résistantes a la dégradation (Riesner, 2003)
et, par analogie a d’autres agents infectieux, peuvent présenter différentes souches sous-
tendues par des conformations riches en feuillets B alternatives menant a des pathologies

présentant des phénotypes différents (Colby et Prusiner, 2011).

1.3. Concepts théorigues sur les protéines amyloides

Les protéines AP, Tau et PrP font partie de la famille des protéines amyloides définie comme
des protéines pouvant former des agrégats fibrillaires polypeptidiques avec une conformation
enrichie en feuillets B (Fandrich, 2007).

La formation de ces agrégats amyloides est un processus progressif de polymérisation et de
transconformation de protéines natives solubles (état natif) en agrégats insolubles (état
amyloide) (Eisenberg et Jucker, 2012). Les protéines natives doivent franchir une barriére
énergétique pour pouvoir se méplier et progressivement se polymériser en un agrégat
fibrillaire (Knowles et al., 2014). Lorsqu’un noyau constitu¢ de 1’assemblage de protéines
malconformées est formé, il agit comme un patron facilitant la transconformation et
I’incorporation de protéines natives (Harper et Lansbury, 1997). Ce processus, appelé
nucléation, génére des agrégats de taille croissante et mene finalement a la formation de
fibrilles insolubles (Kim et al., 2013).

Au vu de ce mécanisme, toutes les protéines amyloides sont théoriqguement transmissibles car
I’introduction d’un noyau de nucléation est suffisant pour déclencher la polymérisation
(Eisenberg et Jucker, 2012). Jusqu’a présent cependant, seule la protéine PrP a démontré des

propriétés infectieuses chez ’Homme (Prusiner, 1998).
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1.4. L’hypothése « prion » de la maladie d’Alzheimer

Depuis la découverte du caractére transmissible des prions, d’autres protéinopathies
cérébrales ont été suspectées de présenter des propriétés similaires. Parmi ces maladies, il
apparait de plus en plus clairement que la MA soit initiée et propagée par le mépliement et

I’agrégation des protéines AP et Tau de maniére similaire aux prions.

Bien qu’aucune étude épidémiologique ne démontre le caractere infectieux de la MA (Beekes
et al., 2014; Edgren et al., 2016), il a été¢ récemment suggéré que I’amyloidose soit, sous
certaines conditions, transmissible a I’Homme par voie iatrogéne (Jaunmuktane et al., 2015;

Frontzek et al., 2016; Kovacs et al., 2016; Preusser et al., 2006).

En effet, I’inoculation d’homogénats de cerveau de patients Alzheimer (Kane et al., 2000) ou
animaux atteints d’amyloidose (Meyer-Luehmann et al., 2006) ou de tauopathie (Clavaguera
et al., 2009) ainsi que d’agrégats synthétiques d’AB (Stohr et al., 2014) ou Tau (Iba et al.,
2013) permettent d’accélérer ou d’induire ces pathologies chez des modeles murins. Ces
expériences ont montré que I’introduction de noyaux de nucléation d’AB ou Tau
malconformés dans le cerveau est suffisante pour déclencher la pathologie chez le rongeur. En
revanche, cette démonstration chez le primate reste pour 1’instant peu concluante car seule
une étude a montré la transmission d’une amyloidose €parse apres inoculation d’homogénats
de cerveau de patient Alzheimer (Goudsmit et al., 1980 ; Baker et al., 1993 ; Brown et al.,
1994; Ridley et al., 2006). Pour finir, de nombreuses caractéristiques spécifiques des protéines
PrP malconformées, telles que la résistance a la dégradation (Meyer-Luehmann et al., 2006;
Fritschi et al., 2014a) ou la présentation de différentes souches (Watts et al., 2014 ; Sanders et
al., 2014), ont été démontrées pour les protéines AP et Tau malconformées (Walker et al.,
2016).

Ces ¢études suggerent la possibilité que AP et Tau puissent se comporter de maniére similaire
a PrP et soutiennent 1’ « hypothése prion» de la MA. Cependant, le fait que cette
« propagation » pathologique des protéines liées a la MA entraine le déclenchement des
symptomes reste incertain (Walsh and Selkoe, 2016). En effet, dans les cas suspectés
d’amyloidose iatrogene, les autres lésions typiques de la MA, telles que les dégénérescences
neurofibrillaires, n’ont pas été observées. Cela suggere que, si I’amyloidose et la tauopathie
peuvent étre induites de maniére infectieuse expérimentalement, le phénotype complet de la

MA n’est peut-€tre pas transmissible. Tres peu d’études ont étudié I’impact fonctionnel des
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transmissions expérimentales (Kane et al., 2000 ; Stancu et al., 2015) et cette question reste

pour I’instant sans réponse, en particulier chez le primate.

Objectifs de thése

Sur la base de cette hypothese, nous avons évalué la transmission expérimentale de certains

endophénotypes de la MA a des modeles murins et primate (microcebe murin).

Notre premier objectif était d’étudier la transmission de ’amyloidose a deux modéles murins
d’amyloidose précoce ou tardive (2.1). Nous avons effectué¢ des inoculations intracérébrales
d’homogénats de patients Alzheimer afin d’introduire des noyaux de nucléation d’AP dans le
cerveau de ces animaux. Nous avons évalué les capacités de nucléation et de propagation de

I’amyloidose ainsi que I’impact du modele et de I’environnement local sur ces processus.

Notre deuxieme objectif visait a préparer la transmission expérimentale a un modéle primate,
le microcébe murin (2.2). Ce modele est intéressant car certains individus agés peuvent
développer spontanément certains endophénotypes de la MA tels que ’amyloidose ou
I’atrophie cérébrale. Ici, notre objectif était de mieux caractériser le vieillissement
physiologique et pathologique du microcébe. En premier, nous nous sommes intéressés a
I’atrophie cérébrale durant le vieillissement physiologique. En second, nous avons caractérisé
les lésions AP et Tau et évalué la proportion d’animaux présentant ce vieillissement
pathologique. Ces études nous ont permis de développer des techniques utilisées pour notre

troisiéme étude.

Pour finir, notre troisieme objectif était d’évaluer la transmission expérimentale chez le
microcébe murin en nous focalisant sur les impacts fonctionnels et morphologiques de la MA
(2.3). En effet, jusqu’a présent, trés peu d’études ont évalué 1’hypothése selon laquelle la
transmission expérimentale de la MA peut déclencher un phénotype clinique et les données
humaines suggeérent que, si les pathologies AP et Tau pourraient suivre des mécanismes de
type prion, la MA en elle-méme ne serait pas transmissible. Nous avons donc étudié si
I’inoculation intracérébrale d’homogénats de patients Alzheimer déclenchait des altérations
cognitives et d’autres perturbations cérébrales telles que 1’altération de 1’activité neuronale et

I’atrophie cérébrale ainsi que les lésions cardinales de la MA.

En conclusion, nous voulions complémenter des données probantes quant a la pertinence

de I’hypothése prion de la MA. Egalement, si I’amyloidose et la tauopathie semblent étre
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transmissibles, aucune donnée ne supporte la possibilité d’une transmission du
phénotype clinique de la MA. Au cours de cette thése, nous nous sommes intéressés a
cette question cruciale. Pour finir, la recherche préclinique est primordiale pour la
compréhension des mécanismes pathologiques. Cependant, les animaux ne développent
pas la MA et la mise au point de modeéles plus translationnels semble indispensable pour

mieux comprendre la physiopathologie de la MA.

Partie Il — Etudes expérimentales

2.1.  Transmission expérimentale de I’amyloidose a des modéles murins.

Dans la littérature, les agrégats de protéines AP et Tau malconformés ont ét€ montrés comme
présentant des propriétés de type prion. Si I’hypothése « prion » de la MA est correcte,
I’amyloidose et la tauopathie devraient étre expérimentalement transmissibles suite a

I’introduction exogene de noyaux de nucléation.

Ici, nous avons cherché & évaluer les impacts de la transmission expérimentale sur le
développement de 1’amyloidose dans deux modeles murins différents. Le premier est un
modele transgénique (APPswePS1sgs, Jankowsky et al., 2004) sur-exprimant I’Af humain
dans toutes les structures du cerveau et développant une amyloidose précoce et robuste dans
I’ensemble du cerveau. Le deuxieme est un modéle basé sur le transfert de genes par co-
injection de vecteurs viraux adéno-associés (AAV). Ce modéle permet 1’expression focale
dans I’hippocampe dorsal des protéines Amyloid Precursor Protein (APP) et préséniline-1
(PS1, une enzyme impliquée dans la production de I’AP) humaines portant des mutations
impliquées dans des formes génétiques de la MA. Ce modele différe du premier en raison
d’une expression relativement physiologique d’Ap humaine non-mutée et locale (uniquement
dans I’hippocampe dorsal, Audrain et al., 2016). Nous avons caractérisé le développement
trés tardif d’une amyloidose focale et éparse dans ce modéle. Ces deux modeles nous ont
permis d’étudier la transmission expérimentale de I’amyloidose par inoculation d’homogénats

de cerveaux de patients Alzheimer et I’impact de 1’« héte » sur cette transmission.

Tout d’abord, nous avons caractérisé nos échantillons humains en immunohistochimie et nos
homogénats en biochimie. Nous avons utilisé trois échantillons de cortex pariétal provenant
d’un individu controle 4gé (CTRL, stade de Braak 0, phase de Thal 0) et deux patients
Alzheimer (MA1 et MA2, stade de Braak VI et phases de Thal 5 et 4 respectivement).
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Nous avons ensuite inoculé des homogenats de cerveaux CTRL et MA bilatéralement dans
I’hippocampe de jeunes souris transgéniques APPsyePS1agq (8 semaines). Nous avons évalué
le développement de I’amyloidose en immunohistochimie a trois délais : 4, 8 ou 16 semaines
post-inoculation. Deux autres groupes contrdles, non-injectés et injectés avec du PBS, ont

également été évalués a 16 semaines post-inoculation.

Pour finir, nous avons tout d’abord co-injecté deux AAV bilatéralement dans I’hippocampe
de jeunes souris sauvages (8 semaines). Nous avons ensuite caractérisé le développement de
I’amyloidose a long terme (80 semaines post-injection des AAV). Pour finir, 4 semaines apres
I’injection virale, nous avons inoculé aux mémes coordonnées les homogénats de cerveaux
utilisés précédemment ainsi que du PBS, comme autre groupe contrdle. Deux délais, 8 et 48
semaines post-inoculation (spi), ont été réalisés pour I’évaluation de 1’amyloidose par

immunohistochimie.

Nous avons montré que l’inoculation intracérébrale d’homogénats de cerveau de patients
Alzheimer accélére le développement de I’amyloidose dans nos deux mode¢les, contrairement
a I’inoculation d’un homogénat de patient agé sain ou de PBS. Ces résultats suggerent que
I’accélération n’est pas induite par I’inflammation et les réponses immunitaires produites par
I’injection d’homogénats de cerveau non-purifiés ou par des lésions cérébrales liées aux
injections. De plus, aucune accélération n’a été observée aux temps courts (8 spi) suggérant
que 1’accélération observée ne reflete pas un dépot d’ AP inoculé. Ces résultats sont en accord
avec la littérature et indiquent que la transmission de I’amyloidose est un processus dépendant
du temps (Baker et al., 1993; Eisele et al., 2009; Kane et al., 2000; Morales et al., 2012; Stohr
et al., 2012). Nos résultats, ainsi que de nombreuses études précédentes (Eisele et al., 2014;
Hamaguchi et al., 2012; Kane et al., 2000; Meyer-Luehmann et al., 2006), suggérent
également que cette transmission nécessite 1’introduction de noyaux de nucléation d’Af
contenus dans les homogénats de cerveau MA. En conclusion, ces résultats complémentent de
nombreuses publications montrant un réle des agrégats d’AB dans la transmission

expérimentale de I’amyloidose et suggerent un mécanisme de nucléation de type prion.

Ensuite, nous avons montré que 1’hote est un déterminant essentiel pour la modulation de la
transmission expérimentale de I’amyloidose (Eisele et al., 2014; Meyer-Luehmann et al.,
2006). En effet, nous avons observé des différences entre nos modeéles précoce et tardif
d’amyloidose. De plus, nous avons observé une amyloidose singuliere dans le corps calleux

\

suite a D’administration intracérébrale d’homogénats de cerveau MA. L’accumulation
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d’agrégats dans le corps calleux a été observée de facon similaire suite a 1’administration
intracérébrale d’échantillons contaminés par la PrP>° (Manson et al., 1999; Piccardo et al.,
2007; Scott et al., 1989) mais pas dans le cas d’une administration périphérique (Gibson,
1986). Ces données suggerent I’induction d’un phénoméne spécifique de la transmission
expérimentale par voie intracérébrale. Nous nous sommes également intéressés a 1’effet
« souche » en inoculant des homogeénats provenant de deux patients Alzheimer sporadiques.
En accord avec la littérature (Watts et al., 2014), nous n’avons observé aucune différence
phénotypique entre ces deux inocula, suggérant qu’ils ne présentent pas de souche d’AP
différentes. Pour finir, nous avons évalué¢ les phénomenes de propagation de 1’amyloidose.
Nous suggérons que, contrairement a Tau (Wegmann et al., 2015), I’expression d’APP est

indispensable a la propagation de I’amyloidose.

En conclusion, nos données corroborent 1I’hypothése selon laquelle 1’amyloidose peut étre
transmise in vivo par des mécanismes de type prion. Plusieurs questions restent néanmoins en
suspens. Bien qu’aucune étude épidémiologique ne soutienne I’hypothése selon laquelle la
MA est transmissible a ’'Homme, des rapports récents suggerent que 1’amyloidose puisse,
dans certains cas, étre transmissible. Jusqu’a présent, l'impact de la transmission
expérimentale a été tres peu étudié et il a été suggéré que le phénotype clinique de la MA ne

puisse pas étre transmis entre individus, contrairement aux prions.

2.2.  Caractérisation du modéle primate

Afin d’¢étudier la question de la transmission du phénotype clinique de la MA, les mod¢les
primates non-humains sont intéressants car ils peuvent développer des altérations liées a 1’age
(Andersen et al., 1999; Dhenain et al., 2000). Nous avons étudié cette transmission chez le
microcebe murin (Microcebus murinus). Ce petit primate de la famille des Iémuriens présente
une espérance de vie maximale de 12 ans. Il est utilisé dans I’étude du vieillissement cérébral
physiologique et pathologique de type Alzheimer. Afin de réaliser notre étude de transmission
expérimentale, nous avons tout d’abord approfondi la caractérisation de ce modele. Cette
¢tude nous a aussi permis de développer de nouvelles techniques pour 1’évaluation de la

cognition, de 1’atrophie cérébrale ainsi que de I’amyloidose et de la tauopathie.

En lien avec cette theése, nous avons développé un nouveau protocole d’évaluation de la
cognition basé sur des discriminations visuelles appariees dans un dispositif de saut (Picq et

al., 2015). Notre premier objectif était de développer un test rapide, efficace et fiable pour
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I’évaluation de la cognition. En effet, les protocoles disponibles chez le microcébe jusqu’a
présent étaient fastidieux et présentaient des taux d’attrition élevés liés a des problémes de
motivation (Joly et al., 2006, 2014; Picq, 2007). Notre deuxiéme objectif était d’évaluer les
altérations cognitives liées a 1’age chez le microcébe. Nous avons montré que des individus
ageés de plus de 6 ans développaient des altérations de la mémoire a long-terme sans deficits
d’apprentissage et que de jeunes individus (moins de 4,5 ans) ne présentaient aucun trouble
cognitif dans ce test. Nous avons donc validé ce test comme un outil efficace et discriminant
et nous I’avons utilis¢ pour 1’évaluation des capacités cognitives dans notre étude de

transmission expérimentale.

Nous avons ensuite cherché a caractériser 1’atrophie cérébrale liée au vieillissement
physiologique. Pour cela, nous avons procédé a des examens en Imagerie par Résonnance
Magnétique (IRM) anatomique sur une cohorte de 24 microcébes &gés de 1 a 9 ans (6,35+2,4
ans). Nous avons analysé ces images par morphomeétrie voxel a voxel. Cette technique nous a
permis d’évaluer statistiquement I’évolution de la matiere grise en fonction du temps. En nous
affranchissant des effets individuels, nous avons pu mettre en évidence 1’atrophie cérébrale
physiologique de ce modele. Contrairement au vieillissement pathologique (Picq et al., 2012),
nous avons observé que cette atrophie liée au vieillissement physiologique épargnait le lobe

temporal ainsi que des structures non-corticales telles que 1’hippocampe.

Pour finir, nous avons cherché a déterminer la proportion de microcébes présentant des
lésions AP et Tau, leur relation au vieillissement et leur cooccurrence dans une autre cohorte
de 25 microcebes agés de 1 a 11 ans (7,2+2,9 ans). Nous avons déterminé que seuls des
individus agés de plus de 6 ans présentaient des lésions de type Alzheimer. Nous avons
déterminé que 1’amyloidose cérébrale, sous forme de plaques amyloides ou d’angiopathie
amyloide, et I’accumulation de Tau hyperphosphorylée dans le soma et les prolongements
neuronaux atteignaient respectivement 25% et 29% des animaux agés de plus de 6 ans. Nous
avons également observé que seuls 28,6% des animaux affectés présentaient les deux types de
Iésions suggérant que ces deux pathologies se développent indépendamment chez le
microcébe (Giannakopoulos et al., 1997). Pour finir, nous avons observé que similairement a
d’autres primates non-humains (Cummings et al., 1996; Elfenbein et al., 2007; Heuer et al.,
2012; Kimura et al., 2003; Lemere et al., 2008; Maclean et al., 2000; Struble et al., 1985), le
microcebe présente une relative résistance a l’amyloidose et a la tauopathie car ces

pathologies ne ressemblent pas aux 1ésions massives observées chez ’Homme.

270



Résumé de thése

En conclusion, nos données soutiennent 1’intérét du microcébe comme modéle du
vieillissement physiologique et pathologique de type Alzheimer. Des limites sont néanmoins
observées en ce qui concerne I’intensité des pathologies AP et Tau. Déchiffrer les différences
entre la pathologie présentée par les animaux ageés et les patients Alzheimer pourrait aider a

comprendre pourquoi la MA est une maladie spécifique de I’Homme.

2.3. Transmission expérimentale d’endophénotypes de la maladie d’Alzheimer a un

modeéle primate

Depuis la découverte que les maladies a prions peuvent étre transmises par 1’inoculation de
tissus affectés, 1’existence d’agents transmissibles dans la MA a été suspectée. De plus en plus
d’études suggerent I’implication de mécanismes de type prion dans la physiopathologie de la
MA. En effet, de mani¢re similaire a la PrP, les pathologies AP et Tau sont
expérimentalement transmissibles a des modeéles animaux. Toutefois, jusqu'a présent,
Iinduction d'un phénotype clinique par la transmission expérimentale de la MA reste
incertain, en particulier chez le primate (Beekes et al., 2014; Stancu et al., 2015; Walsh and
Selkoe, 2016). Ceci est en opposition avec les maladies a prions, dans lesquelles la
transmission expérimentale conduit a des symptomes cliniques (Brown et al., 1994; Gajdusek
etal., 1967, 1968; Gibbs et al., 1968a).

Dans cette étude, nous avons cherché a répondre a ces questions. Nous avons étudié les
impacts de la transmission expérimentale chez le microcébe en nous concentrant sur des
endophénotypes morphologiques et fonctionnels de la MA. Nous avons procédé a
l'inoculation intracérébrale d’homogénats de cerveau de patient Alzheimer chez de jeunes
microcébes adultes (3,5+0,2ans). Nous avons réalisé des évaluations cognitives, des
électroencéphalogrammes (EEG) et des IRM anatomiques jusqu'a 18 mois post-inoculation

suivis d’un examen immunohistopathologique des tissus cérébraux.

Nous avons montré que 1’inoculation d’homogénats de cerveau de patient Alzheimer induit
des troubles de la mémoire a long-terme a un plus jeune &ge que normalement détectes au
cours du vieillissement. En outre, chez des animaux ages, nous avons montré que les
capacités d'apprentissage ne sont pas altérées (Picq et al., 2015). Dans notre étude, la
transmission expérimentale de la MA induit des altérations de fonctions cognitives
(apprentissage) normalement conservées méme chez les animaux agés souffrant de troubles

cognitifs. Cette observation est particulierement pertinente par rapport a la pathologie
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humaine dans le sens ou les personnes agées peuvent présenter des déficits cognitifs légers,

mais certains altérations sont spécifiques a la MA (McKhann et al., 2011).

Pour évaluer l'activité neuronale, nous avons effectué des EEG dans le cortex frontal.
L’inoculation d’homogénat de cerveau MA a progressivement altéré les densités de puissance
de fréquence EEG suggérant une altération de 1’activité neuronale. Comme les électrodes
EEG ¢étaient placées sur le cortex frontal, éloigné des sites d'injection, 1’inoculation
d’homogénat de cerveau Alzheimer modifie l'activit¢é neuronale a distance. Ce résultat
suggere soit un mécanisme de propagation a partir des sites d'injection jusqu’au cortex frontal

(effet local), soit un impact sur I'ensemble du réseau neuronal (effet global).

Morphologiguement, la MA est caractérisée par une atrophie cérébrale progressive qui affecte
I'nippocampe et diverses structures corticales. Par rapport aux animaux inoculés avec des
homogénats provenant d’un individu agé sain, les animaux inoculés avec des homogénats de
patient Alzheimer ont développé une atrophie dans les cortex cingulaire postérieur et
rétrosplénial, deux zones proches des sites d'inoculation, et surtout dans d'autres régions plus
lointaines comprenant I'hippocampe ventral, le cortex entorhinal, I'amygdale et le cortex
temporal inférieur et latéraux. Ces résultats montrent que l’inoculation d’homogénat de
cerveau Alzheimer impacte des régions distantes du site d’injection, suggérant un mécanisme

de propagation.

Pour finir, nous avons réalisé un examen immunohistopathologique des tissus cérébraux. Afin
d'assurer la détection de changements uniquement liés a I'inoculation sans interférence avec le
vieillissement spontané, les animaux ont été euthanasiés avant 6 ans d’age (5,0+0,2ans). Nous
avons détecté de tres rares plaques amyloides corticales et/ou une angiopathie amyloide
corticale clairsemée chez 50% des animaux du groupe Alzheimer. Aucune lésion n'a été
trouvée dans le groupe Contréle. Nos résultats suggerent un phénomene de nucléation suite a
I’inoculation d’homogénats de cerveau de patient Alzheimer. Ces Iésions AP étaient 1égeres
par rapport a celles des patients atteints de MA et des modeles de souris transgéniques de la
MA. Nous avons démontré précédemment les capacités de nucléation de nos homogénats
Alzheimer dans deux mod¢les murins d’amyloidose. Dans ces expériences, et en accord avec
la littérature, nous avons montré que 1'h6te est un parametre critique pour la nucléation d’Ap.
Les primates non-humains agés (Kimura et al., 2003; Lemere et al., 2008; Struble et al.,

1985), y compris les microceébes, peuvent développer des 1ésions AP parenchymales et/ou
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vasculaires mais ces lésions sont plus clairsemées que chez les patients MA. Nos résultats
semblent souligner encore d’avantage le role de 1'hote dans les mécanismes de type prion. Par
ailleurs, nous n’avons détecté aucune 1ésion Tau. Ce résultat est cohérent avec les études
réalisées chez le ouistiti (Baker et al., 1993, 1994; Maclean et al., 2000; Ridley et al., 2006) et
avec les cas de suspicion d’amyloidose iatrogéne (Frontzek et al., 2016; Jaunmuktane et al.,
2015; Kovacs et al., 2016; Preusser et al., 2006). En outre, une tauopathie de type Alzheimer
est inhabituelle chez les primates non-humains (Heuer et al., 2012), y compris microcébes.
Par conséquent, de facon similaire a AP, des effets liés a 1'hote peuvent expliquer 1’absence
d’induction de pathologie Tau. En outre, aucun effet souche n’a été observé entre les animaux
présentant des 1ésions AP inoculés avec l'un ou l'autre des patients Alzheimer. Ces resultats
sont cohérents avec nos études chez la souris. Enfin, nous n’avons pas observé de réactivité

astrocytaire, suggérant que 1’inflammation n’est pas responsable des altérations observées.

Pour conclure, nous avons observé le développement d’altérations fonctionnelles et
morphologiques semblables a celles observées dans la MA chez le microcebe, accompagnées
d’une amyloidose subtile sans pathologie Tau. Une telle transmission en I’absence de sévéres
Iésions neuropathologiques a été rapportée dans les maladies a prions (Lasmézas et al., 1997;
Piccardo et al., 2013) mais jamais dans le contexte de la MA. Nos résultats suggerent que les
agents responsable des altérations observées puissent étre des formes d’Af et/ou Tau non
détectées en immunohistochimie et pouvant étre transmises expérimentalement (Barghorn et
al., 2005). En effet, des formes solubles de AP et Tau peuvent initier un processus d'auto-
réplication in vitro (Dean et al., 2016; Kumar et al., 2014) et in vivo (Clavaguera et al., 2009;
Langer et al., 2011). 1l a également été montré que des formes oligomériques de la protéine
Tau peuvent entrainer une nucléation sans formation de dégénérescences neurofibrillaires
dans un modele murin non symptomatique de tauopathie (Baker et al., 2016). En outre, le fait
que les oligomeéres d’AP peuvent diffuser rapidement et largement dans le cerveau (Epelbaum
et al., 2015) souléve la possibilité que ces noyaux de nucléation solubles puissent étre
responsables de la propagation d’espéces toxiques dans le cerveau. Comme ces especes
solubles ne sont généralement pas détectées par immunohistochimie (Thal et al., 2015),
d'autres expériences devront étre effectuées pour démontrer notre hypothése et identifier la

contribution relative des espéces solubles aux toxicités observées .

Nos résultats supportent I’hypothése de type prion de la MA ainsi que le consensus actuel sur

la toxicité¢ des formes solubles d’AP et Tau. Ils soutiennent également la possibilité que
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I’amyloidose soit transmissible chez I’Homme, sous certaines conditions. En revanche, nos
résultats sont en contradiction avec I’idée que les 1ésions liées a la MA, plutdt que la MA elle-
méme, puissent étre soumis a des mécanismes de type prion (propagons vs prion) (Eisele and
Duyckaerts, 2016; Kovacs et al., 2016). En effet, nous avons démontré qu'une pathologie de
type MA peut étre transmise de I'Homme a des primates. Notre étude fournit des arguments

solides pour évaluer les impacts fonctionnels chez les personnes potentiellement contaminées.

Mis a part certaines conditions iatrogénes spécifiques, il n'y a aucune preuve que la MA est
transmissible (Beekes et al.,, 2014; Edgren et al., 2016; Schmidt et al., 2012). Les
connaissances actuelles favorisent 1’hypothése d’une formation endogeéne des premiers
noyaux de nucléation d’Ap et Tau dans le cerveau. Identifier 1'origine de leur formation sera
essentiel a la compréhension de la physiopathologie de la MA. Nous avons proposé que
I'auto-propagation des formes solubles puisse étre responsable du développement d'altérations
cliniques. La démonstration de cette hypothese sera cruciale pour comprendre leur toxicité
relative et leur contribution a la pathologie symptomatique. Cette identification pourrait
représenter une étape cruciale pour la compréhension de la MA et le développement de
stratégies thérapeutiques efficaces. Ce nouveau paradigme fournit des preuves convaincantes
quant au role de noyaux de nucléation d’Af et Tau dans l'instigation et la progression de la

MA et renforce l'intérét de cibler les formes solubles, de préférence au début de la pathologie.

Partie 111 — Conclusions et Perspectives

Depuis la découverte du caractere transmissible des maladies a prions, d'autres
protéinopathies ont été suspectées de présenter des propriétés similaires de transmission.
Parmi ces maladies, de plus en plus de données expérimentales soutiennent I'idée selon
laguelle la MA est initiée et soutenue par le mépliement et 'agrégation des protéines AP et
Tau. Ce mécanisme de « type prion » semble similaire a celui de la protéine résistante a la
protéase (PrP) dans les maladies a prion (Prusiner, 1998). La transmission expérimentale est
un outil utile pour évaluer I’hypothese de type prion de la MA dans des modeles animaux.
Elle nécessite 1'inoculation de noyaux de nucléation d’AB et/ou de Tau obtenus in vitro ou a
partir d’homogénats de cerveaux atteints. Ici, nous avons évalué la transmission

expérimentale d’endophénotypes de la MA a des souris et des primates (microcebes).

Tout d'abord, nous avons montré que I’amyloidose est transmissible a des souris par

I’inoculation intracérébrale d’homogénats de cerveau de patients souffrant de MA. Nous
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avons montré que I'n6te est un modulateur de cette transmission en utilisant des modéles
murins d’amyloidose précoce et tardive. Nous avons identifié une caractéristique typique de
cette transmission par voie intracérébrale (amyloidose callosale) et suggérons qu’elle puisse
étre une signature de cette transmission chez le rongeur. Nous avons également montré
I'absence de « phénomeéne de souche » chez deux patients atteints de MA sporadique et
suggérons que les souches d’AB pourraient davantage dépendre de la séquence peptidique
primaire que les souches de PrP et pourraient présenter moins de flexibilité conformationnelle
(Watts et al., 2014). Enfin, nous avons étudié la propagation des 1ésions AP dans nos deux
modeles et nous proposons que cette propagation dépende a la fois de 1'expression d’APP et
de l'agrégation spontanée. En conclusion, nos résultats soutiennent I'hypothese de nucléation-

propagation des 1ésions Ap.

Nous avons ensuite caractérisé les processus de vieillissement physiologiques et
pathologiques chez le microcébe. Le vieillissement physiologique du microcébe est
accompagné d'une atrophie cérébrale liée a I'age qui, contrairement au vieillissement
pathologique, n’atteint pas le lobe temporal inférieur et de I'hippocampe. Nous avons
également caractérisé la proportion de lésions histopathologiques typiques de la MA chez ces
animaux et nous avons montré que, comme d'autres primates, ils présentent une certaine
résistance aux deux pathologies car 1’étendue de ces lésions chez les animaux atteints ne

ressemblent pas aux Iésions massives observées chez I’Homme.

Concernant I’hypotheése de type prion de la MA, plusieurs questions restent sans réponse. En
effet, il a été suggéré que, si I’amyloidose pouvait, sous certaines conditions, étre
transmissible d’Homme a Homme, le phénotype clinique n’est pas reproduit, contrastant avec
les maladies a prions (Kovacs et al., 2016). En effet, il reste a déterminer si la « propagation
pathogéne » des protéines liées a la MA provoque l'apparition des symptdmes de la MA
(Walsh et Selkoe, 2016). Dans les maladies a prions, la maladie est transmisse
expérimentalement de ’Homme a des primates non-humains et conduit a I’apparition des
symptémes cliniques. Ici, nous avons étudié ces questions chez un primate non-humain, le
Microcebe, et démontré pour la premiére fois que la transmission expérimentale de la MA
conduit progressivement a 1’apparition de troubles cognitifs, de modifications de l'activité
neuronale, et d'une atrophie cérébrale chez ces primates. Cette toxicité n’est pas associée au
développement de Iésions AP ou Tau séveres detectables en immunohistochimie. Nos

résultats sont cohérents avec 1’idée de plus en plus acceptée que les agrégats ne soient pas les
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especes les plus toxiques et que les assemblages solubles peuvent étre responsables de la
toxicité. Une telle dissociation a déja été rapportée pour les maladies a prions (Lasmézas et
al., 1997), mais jamais dans le cadre de la MA.

Nos résultats soutiennent I'nypothese selon laquelle les assemblages solubles d’Af et/ou Tau
peuvent s’auto-propager dans le cerveau et entrainer une importante toxicité menant a un
phénotype pathologique de type MA. Cette hypothése est étayée par des cas humains de
"Suspicion of Non-Alzheimer/Amyloid Pathology" (SNAP) (Chételat et al 2016; Jack, 2014).
Nous proposons que I'hypothése de type prion de la MA ne devrait pas étre limitée a
l'identification d’agrégats insolubles d’AP et Tau et que les assemblages solubles d’A et/ou
Tau pourraient se propager et conduire a des conséquences fonctionnelles et morphologiques
importantes. Nos résultats suggeérent un role pour les noyaux de nucléation d’Ap et Tau dans
I'initiation et la progression de la MA et renforce I'intérét de cibler ces espéces, de préférence

le plus précocement dans 1’évolution de la pathologie.

L’hypothése d’une auto-propagation des especes solubles pourrait expliquer la résistance
relative des microcebes au développement des 1ésions AP et Tau malgré le développement
d’une atrophie cérébrale et de déficits cognitifs au cours du vieillissement et apres une
transmission expérimentale. D'autres expériences sont nécessaires pour confirmer cette
hypothése. Ce modéle pourrait néanmoins permettre d’évaluer a la fois les mécanismes de
type prion et de toxicité pour AP et Tau ainsi que leur interaction. Il pourrait également étre

intéressant pour I'évaluation des thérapies ciblant les especes solubles.

En conclusion, nos résultats complétent les données récentes appuyant I’hypothése de type
prion de la MA ainsi que la suspicion d'induction iatrogéne de 1’amyloidose (Frontzek et al
2016; Jaunmuktane et al, 2015; Kovacs et al 2016; Preusser et al, 2006). Contrairement a
I’idée actuelle selon laquelle la MA en tant que maladie n’est pas transmissible, nous
démontrons qu'une pathologie de type MA peut étre transmise de I’ Homme au primate. Nos
résultats fournissent des arguments solides pour évaluer davantage les impacts fonctionnels
chez les personnes potentiellement contaminees. Les connaissances actuelles dans ce domaine
soutiennent également 1’hypothése d’une formation endogene des noyaux d’AP et de Tau
dans le cerveau. Identifier l'origine de la formation de ces premiers noyaux et leurs
mécanismes d'auto-propagation est essentiel afin de mieux comprendre la physiopathologie de
la MA. Cela favorisera également le développement de stratégies thérapeutiques curatives ou,

au moins, stabilisatrices si associées a une prise en charge plus précoce des patients.
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Appendix

Stage 1

Appendix 1. Representation of cerebral amyloid angiopathy (CAA) stages. CAA changes
starts in a few neocortical areas (leptomeningeal and cortical vessels, stage 1) then reaches the
hippocampus, amygdala, hypothalamus, midbrain and cerebellum (stage 2) and finally basal
ganglia, thalamus, basal forebrain and lower brainstem (stage 3). Adapted from (Thal et al.,
2003).
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Appendix 2. “ABC” Score for Level of AD Neuropathological Change. A. Correspondence
of ABC score to Thal phases (A), Braak stages (B) and CERAD (C). B. ABC scores and AD
neuropathological change level. Adapted from (Hyman et al., 2012).
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Appendix 3. Genetic risk factors of AD. From (Mhatre et al., 2015).

307



%) Primary structure
S linear arrangement of the
odD aminoacid sequence

Parallel B-sheet § / —
/£ / / Secondary structure

Local hydrogen bonding
causes the aminoacid chain to
fold into repeating patterns

Anti-parallel
[-sheet

Tertiary structure
3D folding pattern due to side
chain interactions

Quaternary structure
Association of more than one
aminoacid chain

Appendix 4. Structures responsible for protein folding into a specific conformation.
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Appendix 5. Amyloid cascade hypothesis. The curved blue arrow indicates that Af

oligomers may directly injure synapses and neurites of neurons, in addition to activating

microglia and astrocytes. From (Selkoe and Hardy, 2016).
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Human DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
Murine DAEFGHDSGEEVRHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Appendix 6. Comparison of Ap human and mouse sequences. Three aminoacid residues 5,
10 and 13 differing are underlined in bold. Adapted from (Xu et al., 2015).
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Appendix 7. Proposed hypotheses for the propagation of Ap pathology. Initial Ap seeds
and deposits (in red) spontaneously form in a permissive environment created, for example,
by the local increase of AP concentration. A. As they are present in the extracellular space,
spreading could occur by diffusion through the parenchyma, via the blood or along
neuroanatomical connections. B. Cellular uptake, intracellular transport, and release of AP
seeds at the synapse could spread AP pathology within neuronal networks. C. Non prion-like
mechanisms should also be considered. Ap—induced neuronal impairments could lead to
adaptive signals resulting, for example, in an increase of AP secretion at the synapse or induce
its production at the projection site leading to spontaneous AP nucleation in connected areas
without AP seeds diffusion or transport. These three hypotheses are not to be considered
exclusive. From (Eisele and Duyckaerts, 2016).
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Appendix 8. Occurrence of Tau and AP pathologies by decade. A. Abnormal Tau is
virtually detected in all adult brains (absence of abnormal Tau only represent 0.4% of all
cases). B. Subtle subcortical non-fibrillar abnormal tau pathology in axons and pretangle
formation as a function of age. C. Cortical non-fibrillar inclusions in the transentorhinal
cortex. D. Braak stages I-11 as a function of age. E. Braak stages I11-1V as a function of age. F.
Braak stages V-VI as a function of age. G. Amyloid plaques in the inferior temporal
neocortex (phase 1) as a function of age. H. Amyloid plaques in the entire neocortex (phase 2)
and in subcortical portions of the forebrain (phase 3) as a function of age. K. Amyloid plaques
into mesencephalic components (phase 4) and in the reticular formation and the cerebellum
(phase 5) as a function of age. Adapted from (Braak and Del Tredici, 2015).
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